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ABSTRACT 
 
The wear mechanisms of novel linerless eutectic Al-Si engines subjected to 
extensive dynamometer testing have been thoroughly investigated using an array of 
surface and subsurface techniques to elucidate the effects of alloying, surface 
preparation, and temperature on the overall wear progression of linerless Al-Si engines.  
The efforts of this research have revealed that the long term wear resistance of 
linerless eutectic Al-Si engine bores is derived from the combined effects of oil deposits, 
silicon exposure, and the formation of reduced grain structures in the aluminum-matrix. 
Under this criterion, silicon particles maintained exposure at an equilibrium height of 
~0.4 to 0.6 μm. Amorphous structured oil deposits, abundant on the worn surface, were 
shown to fill/protect uneven areas on the aluminum-matrix. The evolution of the bore 
microstructure is explained in terms of fragmentation of silicon particles and subsequent 
“polishing” of the entire worn surface caused by sliding contact with the rings.  
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1 INTRODUCTION 
 
1.1 Background and Objective of Research 
In a global attempt to minimize harmful exhaust emissions, reduce fuel 
consumption and increase the efficiency of the automobile, replacement of heavy cast 
iron components with lightweight cast aluminum alloys is a simple yet cost effective 
method [1]. In general, lightweight materials fall short when replacing components 
subjected to continual wear such as bearings, pistons, and cylinder liners due to their lack 
of wear resistance. Consequently, significant improvements in wear resistance have been 
achieved by alloying aluminum with high fractions of silicon, typically 10-25 wt.% [2-6]. 
As a result, laboratory wear testing [7-15], engine testing [16-18], and modification [2, 
19] of aluminum-silicon alloys has been the main focus of many studies in an attempt to 
improve the wear behavior and understand and the effects of microstructure, 
composition, lubrication, and surface preparation; the latter of ,which has been thought to 
play a significant role with regard to linerless aluminum-silicon engine bores.  
Since the focus of this work is based on the wear mechanisms of eutectic Al-Si 
alloys it is appropriate to summarize the work thus far by other researchers. Under dry 
sliding laboratory conditions, Riahi et al. [20] has examined the scuffing resistances of 
etched eutectic Al-Si alloys with varying particle morphologies (high aspect ratio—
needle-like, low aspect ratio—spherical). They have determined that the onset of scuffing 
was dependent upon the etching time, and that a microstructure with a lower aspect ratio 
increased scuffing resistance. Moreover, over-etching resulted in a weak Al/Si interface, 
due to excessive dissolution of the matrix surrounding the silicon particles; thus leading 
to premature particle removal, three-body abrasion, direct metal-to-metal contact, and 
scuffing. Recently, Chen et al. [21-23] has performed lubricated pin-on-disc studies 
which have shown that the wear resistance of etched Al-Si alloys are dependent upon 
parameters influencing the resistance of silicon particles sinking into the aluminum 
matrix during loading, as well as the formation of amorphous oil residue layers. They 
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concluded that increasing the silicon particle size, lowering the aspect ratio, and 
improving matrix hardness would increase the load carrying capacity of the alloys, and in 
turn the overall wear resistance under ultra-mild conditions. 
Complimentary to laboratory studies, monolithic aluminum silicon engines have 
been developed and were first introduced to the auto industry with the production of the 
Vega 2300 [24-26]. However, excessive tool wear and an unreliable casting processes 
limited its marketability as a result of the silicon particles being large and blocky 
(hypereutectic). Currently, other alloys and techniques such as Alusil™, Silitec™, and 
Lokasil™ dominate the monolithic engine market [26-29]. Literature based on wear 
testing and characterization of linerless Al-Si engines is scarce due to the difficulties 
associated with measuring the low wear rates and isolating parameters that are dependent 
upon the combustion process [16, 30].  
Of the few available linerless Al-Si engine studies, Kurita et al. [17] has examined 
hypereutectic DiASil engine bores after dynamometer testing. They have shown that the 
monolithic Al-Si engine provided superior cooling and oil consumption compared to the 
engine with cast iron sleeves. Their results have suggested that cylinder wear proceeds 
initially by abrasive wear which decreases the silicon exposure height until 
elastohydrodynamic lubrication (EHL) is established at an equilibrium Si exposure of 
0.15 μm; here, the EHL conditions terminate excessive wear providing long term engine 
endurance. Through dynamometer engine testing of an etched Alusil™ cylinder, 
Dienwiebel et al. [16] has shown that after running-in silicon particles, which initially 
protruded from the aluminum matrix, exhibited no exposure height. Instead, wear 
resistance was maintained by the formation of a chemically modified near-surface 
matrix. However, the authors suggested that silicon exposure was important in order to 
initially direct the energy input into the silicon particles and protect the nascent 
aluminum until running-in was complete. 
Currently, monolithic Al-Si engines are commonly produced with high 
concentrations of silicon in order to increase hardness and minimize cylinder wear. This 
leads to costly processing techniques which limits these engines to only premium 
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vehicles. Consequently, more affordable eutectic aluminum-silicon engines, as in the 
present study, are in development and will incorporate cheaper casting and surface 
preparation techniques. Therefore, in order to understand the wear mechanisms 
associated with eutectic Al-Si engine bores the present study will encompass detailed 
microstructural investigations before and after rigorous dynamometer testing. Identifying 
and understanding wear in linerless Al-Si engines are crucial steps towards the future 
development of lightweight wear resistant engines which will provide a cheap yet robust 
solution to cast iron liners. 
1.2 Organization of Thesis 
This thesis is organized into six chapters, each of which is described as follows: 
Chapter 1 introduces the basic background related to this research as well as the overall 
objective and organization of the thesis. 
Chapter 2 begins with introducing the basics of tribology including the wear 
mechanisms typically observed in metals. Focus is then allocated towards the wear of Al-
Si alloys in both dry and lubricated conditions; followed by relevant literature based on 
the wear mechanisms, microstructural changes, and potential production of linerless Al-
Si engines currently on the market. 
Chapter 3 encompasses the materials and experimental procedures used to characterize 
the wear of multiple linerless engines. This chapter elaborates on the different types of 
alloying elements, dynamometer tests, cylinder surface finish, and methodology used to 
accurately examine the engine bores mechanically, microstructurally, and chemically. 
Chapter 4 describes, in detail, the results obtained from the worn and unworn regions of 
four different engine bores. This chapter includes materials characterization information 
obtained by a number of different techniques that range from simple optical microscopy 
to sophisticated nano-indentation and high resolution transmission electron microscopy.  
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Chapter 5 describes and identifies the wear mechanisms of each engine with reference 
to the previous chapter. The effect of alloying, surface preparation, and temperature are 
addressed with regards to the microstructural evolution of the engine bore. 
Chapter 6 presents the conclusions resulting from this research, followed by suggestions 
towards future development and research of linerless eutectic Al-Si engines. 
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2 LITERATURE SURVEY 
 
2.1 General Introduction 
In contrast to old well established engineering subjects such as thermodynamics, 
plasticity, and mechanics, tribology is relatively a new field of science that has yet to be 
perfected [31]. The term “tribology” can be defined as “the science and technology of 
interacting surfaces in relative motion and all practices related thereto [32].” In other 
words, it is related to friction, wear, and lubrication.  
Tribology has been in existence throughout history and began when early 
civilizations developed bearings and low friction surfaces. In fact, “tribology” originated 
from the Greek word “tribos” meaning rubbing or sliding [31]. The cost of tribological 
deficiencies to any economy is substantial because essentially every mechanical device 
in operation will produce large energy and material losses during its lifetime. For 
example, in the early 18th century it was suggested by Jacobs Rowe that the number of 
horses required for carriages in the United Kingdom could be halved by the application 
of a rolling element bearing; resulting in savings of one million pounds per annum at that 
time [33]. In more contemporary times by reducing tribological deficiencies in cars 
alone, the U.S. economy can save approximately 18.6% of the total annual energy 
consumed by cars, or equivalent to $14.3 billion USD per year. At a larger scale, it has 
been approximated that one-third of the world’s energy resources is required to overcome 
friction in one shape or another [31].  
By effective lubrication, wear and friction can be drastically reduced. In short, the 
concept of tribology portrays that friction and wear can be best controlled by a thin layer 
or film of material separating the contacting bodies. The film can either be solid, liquid, 
or gas and can be generated as a result of the wear process or added to the system 
intentionally. Unfortunately many mechanical systems often suffer from inadequate film 
availability, thus leading to excessive wear and/or catastrophic failure. To prevent these 
types of occurrences, tribological problems must be resolved by identifying the 
appropriate approach and methodology needed for the specific situation [32]. When 
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solving wear problems often the biggest challenge is that of anticipating the type(s) of 
wear the components will be subjected to. Although material can only be removed from a 
solid by three ways (i.e. physical separation of atoms from the surface, chemical 
dissolution, or by melting) it is still difficult to determine the type of wear and 
mechanisms involved [34]. In order to understand how friction and wear can be 
controlled in a given system (e.g. engine cylinder), it is imperative to differentiate 
between the different types of wear modes, processes, and mechanisms; and have a basic 
understanding of how materials interact during contact and their dependence upon 
surface features (i.e. roughness, protruding second phase particles), microstructure (i.e. 
precipitates, grain size), and processing techniques.  
2.2 Surface Topography 
No matter how smooth or flat a solid surface is it will always be uneven when 
studied on a fine scale. Even truly smooth surfaces (i.e. mica) will have surface 
irregularities due to the size of atoms and molecules present within the material [35]. 
Irregularities much larger than atomic dimensions are present in even the most highly 
polished engineering materials. Therefore, many methods (i.e. electron microscopy, 
optical microscopy, stylus profilometry, etc.) have been exploited to study surface 
topographies. A prime example would be engine cylinders; in this tribosystem a specific 
surface finish is required to maintain effective oil retention via grooves or pockets in the 
surface, as well as, limit point pressure loading (see §2.7.4.2).  
2.2.1 Measurement of Surface Topography 
When topographies of delicate surfaces need to be obtained optical 
interferometers are typically employed. Optical interferometers operate on the basis of 
beams of light that distort with changing topography. They can reach extremely small 
resolutions but are limited to the depth of focus of the instrument. Therefore, optical 
interferometry is employed for very fine surfaces, while stylus profilometry is used for 
coarse surfaces [35]. 
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2.2.2 Surface Roughness 
The term roughness refers to the minute scale irregularities of a surface. Typically 
the average roughness Ra, is used to describe surface roughness. It is the mean deviation 
of the surface height from a line (mean line) through the profile which equally separates 
the areas above and below it (Figure 2-1); it is described by the following equation [35].  
Equation 2-1 
01 / | ( ) | ......(2 1)
L
qR L y x dx= −∫  
 
Figure 2-1 Example of a surface profile [35]. 
Referring to (Equation 2-1), L is the overall length of the profile, y is the surface height 
above the mean line at a distance x from the origin.  
2.2.3 Contact Between Surfaces 
As two smooth and parallel surfaces are brought slowly together initial contact 
will take place at high points called asperities. Asperities are the real areas of contact (see 
Figure 2-2); therefore they support the normal load, are responsible for any frictional 
forces generated, and influence the electrical contact resistance. For the sake of modeling 
asperities they are considered to be blunt, shallow, and smooth spherical protuberances 
[35-37]. 
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Figure 2-2 Apparent and real areas of contact [36]. 
2.2.4 Elastic Deformation of a Single Asperity 
According to Hertz [38], a circular contact area of radius (a), is made when a 
sphere of an elastic material is compressed with a normal load (w) against a plane. The 
contact radius can be expressed as:  Equation 2-2 
1/33( ) ......(2 2)
4
wra
E
= −
 
Equation 2-3 
2 2
1 2
1 2
1 11 ......(2 3)v v
E E E
− −= + −  
where r is the radius of the sphere, and E is the elastic modulus of the sphere and plane 
system represented in Equation 2-3. The area of contact between the sphere and plane 
will be πa2. Referring to (Equation 2-3), E1 and E2 are Young’s moduli, and v1 and v2 are 
Poisson’s ratios for the sphere and plane materials [35].  
During purely elastic deformation the area of contact is proportional to w2/3. The 
mean pressure or normal stress is wπa2. The stress distribution over the contact area is 
not uniform. A maximum stress of 3/2 the mean pressure occurs at the center and falls to 
zero at the edge of the contact area [35]. 
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2.2.5 Plastic Deformation of a Single Asperity 
Plastic deformation will occur either in the sphere or plane, depending on 
hardness, as the load is increased [35]. Assuming the sphere is a rigid indenter, the 
maximum shear stress occurs at a depth of 0.47a (where a is the contact area radius) 
beneath the indenter, according to Hertz. When the yield criteria is reached (i.e. Y/2, 
where Y is the uniaxial yield stress of the softer material), plastic flow initiates. 
Assuming a Poisson’s ratio of approximately 0.3, plastic deformation will initiate at a 
mean contact pressure of 1.1Y [35]. 
By further increasing the load, the plastic deformation zone extends to the surface 
of the plane [35]. At this stage the mean pressure has risen to 3Y and remains nearly 
constant for subsequent increases in load. Once full plasticity has been met, the mean 
contact pressure will be independent of the load and the constant proportionality between 
the yield stress and this pressure becomes the basis for indentation hardness testing. 
Indentation hardness is the measure of the mean indentation pressure during fully plastic 
deformation. For the case of a rigid plane and soft sphere similar results are obtained 
[35]. 
2.2.6 Multiple Asperities In Contact 
In reality, as the normal load is increased the contact area of individual asperities 
increases as well as the number of asperities making contact; because of this the average 
area of contact per asperity remains constant and the increase in load is caused by the 
increasing number of contacting asperities [35]. To analyze multiple asperities 
Greenwood and Williamson [39] assumed that asperities are spherical, of the same radius 
(r), and deform elastically under load according to Hertz’s equations (see. Equation 2-2 
and Equation 2-3). An asperity can support a load if the asperity has a height (z) (taken 
from a lower reference plane within the rough surface) which is greater than the 
separation distance (d), between the smooth surface and the reference plane (Figure 2-3). 
The load (w), that an asperity can support is described by Hertz’s theory and expressed 
as:   
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deforming asperities. Coulomb’s model assumed that wedge shaped asperities caused 
two surfaces to move apart when under sliding motion. However, his model did not 
incorporate net energy dissipation and hence no frictional force should be observed. A 
complete model of friction must contain a mechanism of energy dissipation such as 
plastic deformation in metals or the viscoelastic behavior in polymers [43]. 
2.3.1.1 Adhesion and Deformation Forces 
Bowden and Tabor studied sliding friction and concluded that frictional forces 
originate from two sources, an adhesion force and a deformation force [37]. The 
adhesion force arises from the attractive forces at contacting asperities. The deformation 
force is the force needed for hard asperities to plough though the softer surface. 
Typically, strong adhesion occurs between clean ductile materials; because strong 
interfacial bonds across asperities can take place [43]. Adhesion between two metals is 
usually not significant due to oxide layers weakening adhesion and elastic strains around 
asperities creating high enough stresses to break asperity junctions. Assuming that the 
real area of contact (A) is linearly proportional to the applied load (W) and initial asperity 
contacts are essentially plastic, the contribution of the adhesive force to the coefficient of 
friction is therefore represented as follows:Equation 2-6 
......(2 6)adhadh
F As s
W AH H
μ = = ≈ −  
where Fadh is the frictional force due to adhesion, s is the junction shear strength of the 
weaker material, and H is the indentation hardness of the weaker material [43]. 
The deformation force of hard asperities ploughing through a softer material can 
be modeled by a rigid conical asperity with a semi-angle α siding through a plastically 
deforming surface with indentation hardness (H) (Figure 2-4) [43]. The deformation term 
will contribute to the coefficient of friction by an amount μdef seen in Equation 2-7 ; 
where Fdef is the force due to deformation and W the normal load. Values obtained for the 
coefficient of friction by Equation 2-6 and Equation 2-7 do not match up with 
experimental values of μ. This discrepancy arises because the above equations do not 
incorporate the effects of junction growth (§2.3.1.3) and work hardening (§2.3.1.2). 
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measured between the oxide films. Oxide layers have low shear strengths and low 
ductility, this limits junction growth and lowers μ. Once the oxide layer is removed (i.e. 
oxide layer penetration at high loads) metal-to-metal contact takes place and a rise in μ is 
typically observed. With an increase in μ considerable surface damage transpires along 
with increased wear rates [43]. 
2.3.2.3 Dissimilar Metals and Alloys 
Typically, alloys tend to have lower coefficients of friction when compared to 
their pure components. Dissimilar metals and alloys (i.e. carbon steel) can have stratified 
oxide structures due to their multiple constituents. This can result in lower values of μ 
occurring at high loads. The high loads penetrate the top oxide layer, exposing the next 
oxide layer which exhibits a lower μ than the first. Constituents can also segregate to the 
contacting surfaces (i.e. aluminum segregation in steel) causing oxide layers to form 
from these minor constituents [43].  
2.3.2.4 Effect of Temperature 
The rate of oxidation, mechanical properties, and phase transformations of metals 
can all be affected with a change in temperature [43]. In general, the rate of oxidation 
increases with increasing temperature. This permits the formation of a thick oxide layer 
which further reduces the friction (see § 2.3.3.3).  
In face-centered cubic metals high temperatures bring about high values of μ 
because the work hardening rate reduces with increasing temperature. Body-centered 
cubic metals exhibit a brittle to ductile transformation with increasing temperature, hence 
raising μ. Hexagonal close-packed metals have no change in μ as their mechanical 
properties do not change significantly with temperature [43].  
Phase transformations greatly influence the mechanical properties of metals, 
which results in significant changes in friction [43]. As the transition from solid to liquid 
is approached the strength of the material is drastically reduced, and creep and thermal 
diffusion can set in. The onset of melting results in an increase in ductility and adhesion 
at points of contact; this effectively increases the friction. Melting occurs when the 
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dissipation of frictional work is high enough to provide sufficient local heating. Once one 
of the sliding surfaces melts a molten layer is formed at the contact interface. This layer 
loses its shear strength, resulting in a loss of friction. The coefficient of friction now 
depends on the viscous forces of this layer (i.e. hydrodynamic lubrication; see § 2.6.3) 
[43].  
2.3.3 Classification of Wear 
Wear has been classified by a number of different ways [31, 32, 36, 44-56] based 
on categories such as surface features, deterioration mechanisms, material type, and even 
the number of bodies in the contact zone.  
For clarity, wear terms will be divided into a hierarchy of three specific terms: 
wear mechanism, wear process, and wear mode [32, 36]. A wear mechanism is the 
lowest on the hierarchy and it involves basic atomic and molecular interactions such as 
atomic diffusion, surface chemical reactions, film formation, adhesion, dislocation 
interaction, etc.  
The second level on the hierarchy is the wear process which incorporates a 
combination of two or more wear mechanisms to initiate a wear damage process. For 
example, the process of crack initiation which involves the mechanisms of 
crystallographic defect generation, interaction of defects (i.e. dislocations), the formation 
of highly defected regions to produce microvoids, and eventually the amalgamation of 
microvoids to nucleate microcracks near the worn surface. Processes operate to produce 
observable wear modes and thus, a wear mode is a unique combination of basic wear 
processes. Essentially a wear mode is the manifestation of wear processes [32]. The most 
commonly observed modes of wear are as follows: abrasive wear, cavitation, chemical 
and oxidative wear, erosion, fretting, impact wear, and sliding wear [32]. 
2.3.3.1 Abrasive Wear 
Abrasive wear is defined as wear due to hard particles or hard protuberances 
forced against and moving along a solid surface [40]. It can occur as a wear mode or 
wear process since it can represent the dominant wear mode on a surface, or be one of 
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multiple processes contributing to sliding wear (see § 2.3.3.7.). Abrasive wear typically 
operates by the cutting or plowing of a surface by particles of equal or greater hardness. 
These particles can be embedded within the counterface (i.e. two-body abrasion) or loose 
within the contact zone (i.e. three-body abrasion) [32, 44, 45, 47, 57]. The abrasive 
particles may aid material removal by microcutting, accelerated fatigue by repeated 
plowing, pullout of individual grains, or microfracture [31]. Abrasion can also be 
classified based on the severity of the surface damage such as low-stress grinding 
abrasion (scratching), high-stress grinding abrasion, and gouging abrasion [32, 47]. 
2.3.3.2 Cavitation 
Cavitation is defined as the formation and collapse, within a liquid, of cavities or 
bubbles that contain vapor or gas or both [40]. Cavitation wear typically occurs in 
tribosystems of rapidly moving fluids or solid surfaces moving through a body of fluid. 
Cavitation arises due to localized reduction of the pressure within a fluid when the fluid 
collides rapidly with a solid. As the pressure decreases bubbles of vapor form, grow, and 
then collapse generating minute pressure spikes that act as micro-jet that eventually 
accumulate damage in the form of cavities or pits in the solid surface [31, 32, 54, 58]. 
2.3.3.3 Chemical and Oxidative Wear 
Chemical reactions will occur on wearing surfaces to some degree in almost any 
environment. The degree of chemical reaction will influence the observable wear and 
frictional behavior of the tribosystem. Corrosive wear can be defined as wear in which 
chemical or electrochemical reaction with the environment is significant [40, 54]. 
Beneficial surface chemical reactions that typically prevent adhesive wear can lead to 
corrosive wear if left unchecked. When a material is corroded to generate a surface film 
during sliding contact four processes may take place: i) a durable lubricating film which 
prevents subsequent corrosion and wear can develop; ii) a weak film that is quickly 
removed during sliding may form but lead to high wear rates and coefficients of friction 
due to the destruction of the film; iii) surface films may be worn and a galvanic couple 
between the remaining films and the underlying substrate may facilitate rapid corrosion; 
and iv) the corrosion and wear processes may act independently [31]. 
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Oxidative wear occurs when metals are worn in the presence of air or oxygen 
under unlubricated conditions [31]. It has been determined that when load and sliding 
speeds are significant enough to substantially increase the frictional contact temperature, 
wear debris will change from metallic to metallic oxides. When thick oxide films are 
present on the worn surfaces “mild wear” (see §2.9.2) is dominant and when these oxides 
are absent or removed “severe wear” (see §2.9.2), a form of adhesive wear, prevails [31, 
32, 36, 54, 59]. In the case of mild wear, the oxide films prevent direct metal-to-metal 
contact and are typically supported by the strain-hardened substrate layers generated by 
plastic deformation. Oxidative wear is similar to corrosive wear except for the fact that 
metallic oxides tend to combine with the worn metal and form layers of mixed oxide and 
metal [31]. Figure 2-6 illustrates the process of oxidative wear. 
 
Figure 2-6 Wear by tribochemical reaction: (a) formation by oxide islands, (b) and (c) growth of 
oxide islands and (d) destruction of primary load-bearing oxide plateaus and formation of new ones 
[36] 
2.3.3.4 Erosion 
Erosion is defined as the progressive loss of original material from a solid surface 
due to mechanical interaction between that surface and a fluid, a multicomponent fluid, 
or impinging liquid or solid particles [40]. Erosion itself may be considered a subset of 
impact of wear. There are a number of wear mechanisms with which erosion can thrive 
as the dominant mode of wear; however, most forms of erosion will occur when 
relatively small particles (5 to 500 μm) impact a given surface [31].  
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The erosion of a solid body can occur by its interaction with an impinging stream 
of solids, liquids, gasses or a combination of these [36]. Particle erosion, cavitation 
erosion, spark erosion, and fluid erosion are the four most common erosive wear 
mechanisms [60]. Erosion mechanisms are largely controlled by the following factors 
[32]: 
- velocity of the impinging stream 
- angle of incidence of the impinging stream 
- mass of impacting particles 
- chemical reactivity of the impinging stream 
- temperature of the worn surface and impinging stream 
- concentration of solid material within the impinging stream 
- size, shape, and hardness of particles within the impinging stream 
2.3.3.5 Fretting Wear 
Fretting wear can be defined as a phenomena taking place between two surfaces 
having oscillatory motion of small amplitude usually less than 25 μm occurring over a 
large number of cycles [31, 32]. Even with amplitudes on the order of 1 μm (i.e. 
mechanical fastenings, vibrating machinery, between strands of wire rope…etc) fretting 
wear can prevail. The three fretting regimes are stick, partial slip, and gross slip [31]. 
When the fretting contact operates under stick conditions no damage occurs. Under the 
partial slip regime the contact is susceptible to crack development leading to fretting 
fatigue. Lastly, in the gross slip regime damage by wear will occur by plastic or elastic 
mechanisms. The wear debris produced during fretting is often retained within the 
contact due to the small amplitudes of motion. With time, the accumulating wear debris 
may gradually separate the two surfaces leading to accelerated wear by abrasion. Other 
factors such as temperature, corrosion, and delamination can also accelerate fretting [31, 
32, 61]. 
2.3.3.6 Impact Wear 
Impact wear may be defined as the loss and/or displacement of surface material 
resulting from the mechanical interaction and collision of two or more solid bodies [32]. 
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A classic example of impact wear occurs when a hammer strikes a surface. Impact wear 
is associated with elastic and plastic deformation when the impact energy is high 
combined with the release of wear debris caused by crack initiation. It has been 
demonstrated that the impact wear of metals involves three distinct damage zones: i) the 
undeformed base metal; ii) a region of plastic deformation and refinement; and iii) a 
highly deformed “compositional mix” region just beneath the contact surface [32]. 
Surprisingly, the thickness of these damage zones remains unaffected even after 
increasing the impact load by a factor of ten. In general, the impact of a surface rarely 
remains normal to a surface, some form of transverse direction typically arises during an 
impact [31, 32]. This transverse motion leads to a sliding component of wear and will be 
discussed in the following section. 
2.3.3.7 Sliding Wear 
Sliding wear is amongst the most complex and thoroughly researched modes of 
wear [49, 53, 62-67]; however, no universally acceptable, accurately predictive models 
for sliding wear have been developed. Sliding wear is characterized by the relative 
motion between two smooth solid surfaces under contact loading, where surface damage 
does not promote deep grooving or penetration by asperities or foreign particles [36]. 
Essentially, there is potential for sliding wear whenever relative motion between two 
contacting solid bodies occurs [65]. Historically, adhesive wear was used synonymously 
with sliding wear, but far more than just adhesion occurs during sliding wear. It may take 
place under lubricated or unlubricated conditions and often involves other modes of wear 
in addition to those unique to sliding. Chemical reactions, abrasion, fatigue, aspects of 
impact, and adhesion can all operate in tandem with sliding depending on the tribosystem 
and material couple [32]. Figure 2-7 illustrates some of the possible mechanisms of 
sliding wear. 
For most metals the extent of sliding wear can be expressed in terms of the mild 
and severe wear regimes [62]. In general, mild wear is associated with low loads and 
composed of 0.01μm to 0.1μm sized oxide wear debris. Conversely, severe wear is 
associated with high loads, producing large metallic debris ranging from 20μm to 200μm 
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in size that tend to flake away or transfer to the counterface due to the high shear strains 
and cyclic loads. The transition from mild to severe wear will occur when the formation 
of oxide/tribological layers equals the exposure of fresh metal [62]. Relatively simple test 
rigs such as pin-on-disk, block-on-ring, and reciprocating tribometers are just a few 
examples with which some of the variables of sliding wear can be isolated and studied. 
Aside from material properties, the severity of sliding wear for a given material will 
depend on the nominal pressure, distance slid, sliding velocity, simulation time, linear 
dimensions, and environment temperature. These variables of wear are independent, as 
changes in one can often induce a transition from one wear mechanism to another 
throughout the life of a single test. Subsequently, it is difficult to relate experimental 
simulations to practical applications [62]. 
In terms of real world usefulness the “zero-wear” model by R. Bayer is amongst 
the most successful [32, 68]. This model is based on two regimes: one with no 
measurable wear loss, and one in which there is. According to Bayer, when the change in 
surface roughness is less than one-half the original peak-to-valley surface roughness the 
zero-wear criteria is maintained. In addition, wear can be controlled by limiting the 
maximum Hertzian shear stress τmax, in the region of contact. Bayer concludes that the 
maximum shear stress for a given sliding distance will depend on the type of lubrication 
and the sliding material’s tendency for transfer [32, 68]. 
The “Archard wear law” is the most widely adopted theory and model for sliding 
wear. After hundreds of unlubricated wear experiments with numerous material couples 
Archard and Hirst developed the following relationship [56]:  
Equation 2-9 
......(2 9)w KPW
s H
= = −  
which states that the rate of sliding wear W, at a constant sliding speed is equal to the 
volume lost w, per sliding distance s. Archard also related the linear wear rate to the 
applied normal load P, bulk hardness of the material (H), and the dimensionless wear 
coefficient (K) that is always less than unity and is heavily dependent upon the wear 
environment. In other words, a change in K denotes a change in surface conditions. 
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Based on the assumption of plastic deformation of asperities, Archard and Hirst 
concluded that once equilibrium surface conditions have been met the wear rate will be 
proportional to the applied load; and independent of the apparent area of contact 
regardless of the mechanism of wear. The Archard equation is linear; and hence 
tribological effects, such as frictional heating and work hardening, encountered in 
common engineering situations are not accounted for. In summary, the Archard equation 
must be used with caution, as it does not provide variables which deal with changing 
wear rates often found during running-in and sliding wear transitions [32, 45, 56, 62].  
One way to account for changing wear rates is to divide the wear curve into 
various stages and calculate the wear coefficients valid for each interval or to construct 
wear mechanism maps. The first wear mechanism map was developed by Lim and Ashby 
[59, 69]; these diagrams summarize wear behavior by identifying areas corresponding to 
dominant mechanisms of wear (i.e. seizure, melt, oxidation, and delamination). A typical 
wear mechanism map will illustrate wear rates and regimes over a wide range of loads 
and sliding velocities. It is imperative to understand that wear maps are only as good as 
the models and data used to construct them. These maps can be constructed in two ways. 
The empirical method of map creation involves plotting experimental data and 
identifying the dominant wear mechanisms for each point. The second method uses 
physical modeling by means of equations that describe each dominant mechanism of 
wear. This method contains constants that are not absolute. Therefore, calibration of 
these equations with empirical data is essential. Lim and Ashby have brought about two 
important statements [59]: 
“..research has tended to focus on the details of a single mechanism, not on the 
relationship between mechanisms.” 
“So many mechanisms are involved in describing wear that there is no hope of 
constructing a universal diagram which describes all materials, or even all metals.” 
With the above statements in mind, it is clear that identifying wear mechanisms 
during sliding wear can be a difficult and sometimes impossible task. From one 
tribosystem to another the dominant factors controlling sliding wear will vary; and hence, 
each situation will require its own analysis in order to determine the dominant wear 
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behavior at any given time [32]. Only by first understanding the basic factors that 
influence wear can one hope to identify the mechanism at work. 
 
 
Figure 2-7 Mechanisms of wear during sliding contact: (a) adhesive junctions, material transfer and 
grooving, (b) surface fatigue due to repeated plastic deformation on ductile solids, (c) surface fatigue 
results in cracking on brittle solids and (d) tribochemical reaction and cracking of reaction films [36] 
2.4 Factors that Influence Wear Rates 
As previously mentioned, the volume lost from a surface per unit sliding distance 
is defined as the wear rate Wi (m3/m). The wear rate is a function of the normal force P, 
sliding velocity v, initial temperature To, and the material properties fi (thermal, 
mechanical, chemical) for a given sliding geometry [31, 59]. This relationship can be 
represented as follows:  
Equation 2-10 
0( , , , , , )......(2 10)i iW f P v T thermal mechanical chemical= −  
Often, load is considered the dominant factor governing the rate of wear. Archard and 
Hirst experimentally tested the influence of load on numerous materials and developed 
the famous Archard wear equation previously elucidated in section 2.3.3.7. They 
determined that under constant velocities and surface conditions the wear rate will be 
proportional to the applied load, and independent of the apparent area of contact [56].  
It is clear from previous sections describing wear modes that the wear rate of real 
engineering applications will depend, not solely the load but, on a number of other 
factors which can be interrelated. For example, when studying the effect of velocity on 
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sliding wear, allied effects of frictional heating and tribochemical surface activation such 
as oxidation can transpire. In fact, increasing the velocity of an unlubricated metal sliding 
system may even produce a film of liquid metal [59]. The increase in velocity limits the 
cooling time between asperity contact intervals, thus generating high flash temperatures 
[70, 71], and providing melt lubrication which will lower the coefficient of friction. The 
environment in which a specific tribosystem is situated will also influence wear rates. 
Environmental factors found in many real life applications such as humidity, along with 
dust and dirt will obviously influence a material’s response to wear. Furthermore, use of 
lubrication, be it solid, liquid, or gas will also influence wear. Material related properties 
such as the use of alloying elements, the addition of large incoherent ceramic 
particulates, or the amount of defects can all potentially influence the life of a 
tribosystem. Even the orientation of a tribosystem (i.e. vertical---allowing debris to fall, 
or horizontal---allowing debris to be ground, deformed, and agglomerated) will have an 
effect on wear [32]. In the following sections important parameters (i.e. lubrication, 
surface preparation, alloying…etc), used to promote the low wear rates associated with 
modern day internal combustion engines, will be discussed in detail and related to the 
linerless aluminum-silicon engine. 
2.5 Fundamentals of Deformation and Structural Evolution 
After the start of sliding contact between unworn solid surfaces, significant 
changes in temperature, friction, and wear rate are frequently observed and are known as 
the process of running-in. These brief fluctuations are sometimes ignored and assumed to 
be the normal course of operation. However, it is advantageous to make use of these 
fluctuations to improve the performance of components such as gears, bearings, brakes, 
and cylinders by making certain that running-in is executed in an optimal manner.  
Many studies involving sliding friction and the wear of materials, whether the 
tribosystem is lubricated or not, ignore the initial transient running-in stage and focus 
mainly on the steady state conditions. By disregarding the importance of the running-in 
process, important clues to the evolution of collective processes that operate during the 
long term wear behavior are overlooked.  
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Abbott and Firestone [72] are one of the first to address the importance of 
running-in, which came about during their studies of bearing contact in 1933. They stated 
that:  
“When two newly machined surfaces are placed together, they touch only on the 
peaks of the highest irregularities, and the actual contact area is very small. If 
surfaces are ‘run-in’ under load, or otherwise fitted, the projecting irregularities 
are gradually removed and the actual area of contact is increased. At first the 
wear is quite rapid, but it decreases as the contact area increases [72, 73].” 
Unquestionably, Abbott and Firestone sparked the notion of running-in by observing 
changes in microtopography; however, they overlooked the changes in the materials 
directly adjacent to the sliding surfaces. For engineering surfaces to precisely fit together 
(i.e. piston/cylinder---where tolerances for pressure tightness are essential), elastic and in 
most cases plastic deformation of the asperities is compulsory. Throughout the 
deformation process changes in crystallographic orientation as well as the state of work 
hardening typically arise. Therefore, amidst running-in not only do the surface features 
change (i.e. texture, roughness, and shape) but so does the substructure and 
micromechanical properties [30, 73-76]. Figure 2-8 gives an overall example of some of 
the microscopic and atomic differences between a metal’s bulk structure and near worn 
surface. Several authors have investigated deformation and its structures [36, 63, 67, 75-
88], subsurface zones [49, 78, 89-94], and tribolayers/mechanical mixed layers (MML) 
[52, 90, 93, 95] in response to the sliding wear of metals. The following subsections will 
cover the fundamental aspects of plastic deformation, deformation microstructures, and 
the structural evolution of ductile materials. 
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Figure 2-8 Topography and structure of surfaces of metals: (a) surface topography on a microscopic 
scale, (b) cross-section of the transition of a metal to its environment. (I) bulk microstructure, (II) 
defect or worked layer, (III) reaction layer, (IV) adsorption layer and (V) contamination layer. (c) 
surface topography on an atomic scale [36] 
2.5.1 Plastic Deformation 
The microstructural changes which take place during cold deformation are 
significant in the aspects of deformation mechanisms and mechanical properties. 
Additionally, recovery and recrystallization are influenced by deformation 
microstructures.  
2.5.1.1 Macroscopic Strain Accommodation 
The microstructural evolution of polycrystalline materials during plastic 
deformation involves macroscopic and microscopic strain accommodation processes. 
Macroscopic strain accommodation has been explained by a number of deformation 
models. Of these, the Taylor theory suggests that all grains in a polycrystalline 
experience the same homogeneous strain as the bulk material and that, homogeneous slip 
occurs when simultaneous slip of at least five independent slip systems takes place. 
Modifications to Taylor’s theory, specifically the relaxed constraints (RC) model, 
suggest that heterogeneous plastic interactions between grains accounts for part of the 
mechanical continuity but, the majority of slip is still homogeneous. Regardless, the type 
of model and the number of slip systems will influence the development of deformation 
and flow stress behavior [96, 97]. 
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2.5.2 Deformation Microstructures 
2.5.2.1 Subdivision of Grains (macroscopic) 
Through hardness measurements, local strain measurements, and etching 
techniques the macroscopic heterogeneous nature of plastic deformation within and 
between grains can be observed [97]. Heterogeneous deformation is partly caused by 
grain subdivision; in which each subdivided region contains a homogeneous deformation 
pattern different from neighboring regions. These regions are distinguished by dense 
dislocation walls (DDWs) which are dislocation boundaries with about three times higher 
misorientation than ordinary dislocation cells (2° misorientation). They extend several 
times farther than ordinary cells, so as to form one continuous boundary. DDWs are 
boundaries in which the combination of active glide systems changes, unlike steady glide 
systems of ordinary dislocation cell walls [97]. 
2.5.2.2 Subdivision of Grains (microscopic) 
Macroscopic subdivision of grains is followed by microscopic subdivision by the 
formation of cell blocks [96, 97]. Cell blocks are volumes of continuous dislocation cells 
that display the same combination of operating glide systems but, which are too few to 
satisfy the Taylor criteria. The cell blocks are distinguished by DDWs and microbands 
(MBs) (see Figure 2-10).Microbands are plate-like zones of material bounded by 
dislocation boundaries situated on DDWs, which have a combination of slip systems 
different than that of the adjoining material. Microbands generally contain a high 
dislocation density, have a width of a few tenths of a micrometer, and extend over tens to 
hundreds of microns [96, 97]. 
First generation microbands develop from DDWs and are usually parallel to the 
(111) planes or the pattern of flow [97]. Since DDWs accommodate misorientations 
between cell blocks of different operating glide systems, they contain excess energy and 
hence, are optimal sites in which MBs can nucleate. MBs can exist in various forms such 
as strings of small pancake shaped cells, paired dislocation walls, or sections of double 
walls. As strain increases the number of DDWs and MBs increases thus, decreasing the 
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slip line length decreases with increasing strain, dependent upon the development of sub-
boundaries or spacing between dislocation walls which inhibit dislocation motion. At 
intermediate strains the slip line length is larger than the cell size and hence, dislocation 
glide cannot be retained by the cell walls. Conversely, at large strains the slip line length 
is about the size of subgrain cells and thus, limiting dislocation motion [97]. 
2.5.2.4 Grain Size 
In general, the effect of grain size does not scale with microstructural evolution 
[97]. This can be observed by comparing cold rolled aluminum and tensile strained 
copper. For cold rolled aluminum well developed MBs tend to form in specimens 
containing large grain sizes (80-400 μm). On the other hand, in the case of tensile 
strained copper DDWs and MBs are more readily found in specimens having small to 
medium grain sizes (20-50 μm). Clearly, the deformation pattern is different for 
specimens with varying grain sizes; and it appears that grain subdivision becomes less 
prominent in finer grained microstructures. This could be a result of an increase in 
intergranular interactions that raise the number of operational slip systems and possibly 
promote homogeneous deformation as in the Taylor condition [97].  
2.5.2.5 Effect of Plastic Strain 
Microstructural evolution of f.c.c. materials appear to be independent of medium 
and high stacking fault energies; and does not scale with grain size [97]. The first step to 
microstructural evolution is the subdivision of grains at low strains into regions. At larger 
strains subdivision of grains may produce subgrains. Both the regions and subgrain 
deform homogeneously within their specific slip systems. However, when comparing 
neighboring regions with one another heterogeneous deformation can be seen. Heilmann 
et al. [81] were one of the first to study heterogeneous deformation in detail by 
measuring the rotation of deformed cells in copper; while Zhang and Alpas [7] studied 
subsurface plastic deformation in Al-Si alloys after sliding. Between the first and final 
step (regions and subgrains), the formation of DDWs and MBs delineate cell blocks 
which contain ordinary dislocation cells. As strain is increased, the ordinary cells will 
continue to rotate and hence, deformation of the cell block will be difficult along the 
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same combination of slip systems. Therefore, the size of cell blocks will decrease with 
increasing strain [97]. Figure 2-11 illustrates the reduction of cell size nearing the worn 
surface as strain increases.  
 
Figure 2-11 Dislocation structures, strains and stresses below a metallic surface during dry sliding 
contact: (a), (b) increasing dislocation density and strains, due to increasing traversals by asperities 
of the counterface, (c) recovered dislocation cells, resulting in a decrease of surface strains, (d) 
delamination cracks and internal stresses [36]. 
2.6 Lubrication 
A lubricant operates by introducing a material of low shear strength between two 
sliding surfaces of higher shear strength. Lubricants reduce the strengths of junctions 
formed and minimize asperity contact. In most cases the use of a lubricant will reduce the 
rate of sliding wear [98]. Lubricants typically consist of base oils and additives. 
Lubrication can be classified into five types: hydrodynamic, hydrostatic, 
elastohydrodynamic, boundary, and solid lubrication [31]. 
2.6.1 Viscosity 
Viscosity is the most important property of lubricating oils. Viscosity is the 
measure of the shear stress on a plane within a fluid, per unit velocity gradient normal to 
the plane. In laymen’s terms, it is the resistance to shearing flow of a fluid. Fluids can 
support no static shear stress, as they have no shear strength. However, they do support a 
dynamic shear stress due to their viscous properties. The proportionality between the 
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dynamic shear stress τ and the shear strain rate (dγ/dt) defines the viscosity (η) of a fluid 
[98].   
Equation 2-11 
( )......(2 11)d
dt
γτ η= −  
The value of η in the above formula is termed the dynamic viscosity with dimensions of 
mass × length-1 × time-1. Kinematic viscosity is simply the ratio of the dynamic viscosity 
to the fluid density (η/ρ). 
2.6.2 Oils 
Mineral oils are common in lubrication applications. They are comprised of 
multiple different hydrocarbon species with average molecular weights from 300 to 600. 
Mineral oils can be classified into three groups paraffinic, in which the naphthenes have 
long sidechains; naphthenic, which have naphthenes with short sidechains; and mixed. 
When mineral oils become unstable, for example at high or low temperatures, synthetic 
oils can be used as lubricants [98]. 
The viscosity of a mineral oil relies highly on its composition, molecular weight, 
and temperature. The hydrostatic pressure (P) of oil will affect the viscosity 
exponentially,   
Equation 2-12 
0 ......(2 12)
peαη η= −  
where ηo and α are constants for a particular oil [98]. A viscosity index (VI) compares the 
behavior of an oil to that of two reference oils with known VI. Typical vehicle oils have a 
VI of 150. Polymers known as viscosity index improvers can be added to an oil to 
enhance its viscous properties. However, these additives can lose their effectiveness at 
high shear rates, resulting in a sharp drop in viscosity. Other additions to gasoline engine 
oils will typically consist of dispersants, detergents, antiwear agents (see §2.11.1), 
oxidation inhibitors, corrosion inhibitors, foam inhibitors, and pour point depressants 
[98, 99]. Modern engine oils are a complex combination of additives and base oil. A 
typical engine oil composition is shown in Table 2-I. 
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Table 2-I Concentration range of main additives used in the formulation of engine oils [99]. 
Material Weight (%) Material Weight (%) 
SAE 30 or 40 base oil 71 to 96.2 Antioxidant/Wear 0.1 to 2.0 
Metallic detergent 2 to 10 Friction Modifier 0.1 to 3.0 
Ashless dispersant 1 to 9 Anti-foam agent 2 to 15 ppm 
Zinc dithiophosphate 0.5 to 3 Pour point depressant 0.1 to 1.5 
2.6.3 Hydrodynamic Lubrication 
Hydrodynamic lubrication takes place when sliding surfaces are separated by a 
thick film of fluid lubricant [98]. Pressures within this film are generated 
hydrodynamically and support the normal load. The pressure that supports the normal 
load originates from the viscous forces within the lubricant, which in turn is the product 
of the relative motion of the surfaces. For hydrodynamic lubrication to occur the 
opposing surfaces must be conformal. The gap between the sliding surfaces must 
converge for a hydrodynamic film to be formed [98]. Figure 2-12 shows the effects of 
viscosity, velocity and load on the coefficient of friction. As seen in this figure if the load 
is increased and speed decreased, the local pressure on the film will rise. This induces a 
rise in the film viscosity, possible elastic deformation under the high load, and asperity 
contact. Therefore the coefficient of friction will rise at high loads and low sliding 
velocities. 
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Figure 2-12 Stribeck-Hersey curve coefficient of friction (f or μ) as function of viscosity (Z), velocity 
(V) / load parameter (L); h = thickness of lubricant film[99] 
2.6.4 Hydrostatic Lubrication 
Squeeze film or hydrostatic lubrication takes place when surfaces have relative motion in 
the perpendicular direction, usually occurring under varied normal loads[31, 98]. The 
normal load W per unit width of an infinitely wide plate separated by a squeeze film is 
expressed in Equation 2-13, where η is the viscosity, velocity of approach V, length of 
plate L, and outlet film thickness ho. 
Equation 2-13 
3
3
0
( )......(2 13)LW V
h
η= −  
2.6.5 Elastohydrodynamic Lubrication 
Elastohydrodynamic lubrication (EHL) occurs for systems that are counterformal, 
where high local pressures are present compared to hydrodynamic lubrication. The 
elastic deformation of bearing surfaces and the dependence of lubrication viscosity on 
pressure influences EHL greatly. Hard EHL occurs when the contact bodies each have 
high elastic moduli. On the contrary, when one of the contact bodies has a low elastic 
modulus soft EHL takes place [98].  
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High pressures P associated with EHL will result in enormous viscosity η values 
[98]. Under high pressure the oil will behave more like a solid due to the rise in viscosity. 
Already stressed, elastic distortion of the surfaces will have a large impact on EHL, and 
can be modeled by an elastic sphere pressed on a rigid plane through modified Hertzian 
equations (see Figure 2-13). For hard EHL contact of a sphere on a plane the minimum 
film thickness (hmin) can be represented by the following,  
Equation 2-14 
0.47 0.49 0.68 0.68 0.12 0.07
min 01.79 ......(2 14)h R U E Wα η − −= −  
where E is the reduced surface modulus, R the radius of the sphere, η0 and α are constants 
for a particular oil, U the velocity, and W the normal load per unit width. Similar 
equations have been derived for soft EHL [98].  
The breakdown of fluid film transpires when the ratio (λ) between the lubricant 
film thickness and the r.m.s surface roughness (σ*) reaches a specific value, expressed in 
Equation 2-15 [98]. The value of λ is a measure of how severe and likely asperity 
contacts will occur in lubricated sliding. When λ>3 full fluid film separates the two 
surfaces. However, when 1<λ<3 partial EHL occurs and contact between asperities can 
arise. As the lubricant film begins to break down its thickness decreases, resulting in a 
rise in μ (Figure 2-12). At this point viscous energy dissipation will be enormous and 
thermal effects take place [98]. 
 
Figure 2-13 Elastic distortion of a sphere (shown exaggerated for clarity) under combined normal 
load and sliding motion [98].   
Equation 2-15 
*
min / ......(2 15)hλ σ= −  
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2.6.6 Boundary Lubrication 
Under extreme loads or low sliding speeds lubrication film thickness drops 
drastically (λ<1), high wear rates will prevail unless boundary lubrication sets in [98]. 
Boundary lubrication functions by forming absorbed molecular films on the sliding 
surfaces. Lubricant molecules adhere strongly to the oxide layer present in the metal, 
align perpendicular to the surface, and are stabilized by mutual repulsion (Figure 2-14). 
The repulsive forces between the two boundary films help support the load. The end 
result is a lowered frictional force and substantially less wear. Some oils provide natural 
boundary lubrication, where a lubricant of only one molecule thick is sufficient to protect 
a surface. Extreme pressure (EP) and anti-wear additives are also used in boundary 
lubricants. Under severe conditions in the contact zone these additives react with the 
sliding surfaces and produce compounds with low shear strength, in turn creating a 
lubricating film at precise locations. Therefore, a comparison of the chemical attack to 
the mechanical damage is of great importance for optimum effectiveness of anti-wear 
additives (see § 2.11.1). 
 
Figure 2-14 Low friction mono-molecular layer of adsorbed organic polar molecules on metallic 
surfaces [31]. 
2.6.7 Solid Lubrication 
Solid lubrication is made possible with solids that exhibit low coefficients of 
friction. Solid lubrication is preferred over traditional liquid or gas lubricants when high 
temperatures evaporate the liquid or gas. Another application arises when a bearing 
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component is replaced by a solid lubricant, thus creating a ‘self-lubricating’ system. 
Solid lubricants can be classified as lamellar solids (e.g. graphite), other inorganic 
compounds, organic polymers, and soft metal films (e.g. gold electroplating) [98]. 
2.7 Reciprocating Internal Combustion Engines 
The reciprocating internal combustion (IC) engine is the most important 
component in automobiles, as well as many land and sea transportation devices such as 
trains, motorcycles, agricultural vehicles, and ships [1]. All IC engines operate on the 
basis of converting chemical energy into thermal energy by explosively burning a 
mixture of fuel and air in a narrow cylinder when ignited [100, 101]. There are many 
different types of IC engines which rely on a piston-cylinder construction, namely the 
four stroke engine, two stroke engine, and diesel engine. These engines are differentiated 
by the methods in which the fuel is mixed, as well as how it is ignited (spark or 
compression ignition). Spark ignition (petrol) engines are the most common engines 
found in automobiles. Typically, compression ignition (diesel) engines are associated 
with increased pollutant outputs and heavy engine blocks that exert high power and 
torque. Hence, they are incorporated into large vehicles such as trucks. However, due to 
rapid improvements in technology European automakers such as Mercedes-Benz have 
integrated lightweight aluminum diesel engine blocks into midsized automobiles, such as 
the E 320, while still conforming to strict nitrogen-oxide (NOx) emission regulations 
[101]. The growth of diesel engines within the lightweight automobile sector looks 
promising in the near future; nevertheless, spark ignition engines still dominate the 
market. 
2.7.1 Working Principle 
Nearly all passenger vehicles make use of the four stroke spark ignition (SI) 
engine, because its fuel consumption and exhaust emissions are relatively low when 
compared to the two stroke SI engine [100, 101]. The working principle of the four 
stroke SI engine revolves around the Otto cycle which is comprised of the following 
sequential strokes: 1) intake stroke, 2) compression stroke, 3) expansion or power stroke, 
and 4) exhaust stroke. The intake stroke draws in air and fuel mixture, which was mixed 
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in either a carburetor or intake port, into the combustion chamber as the piston descends 
in the bore; see Figure 2-15a. Here the cylinder volume increases and the pressure is 
equal to the atmospheric pressure. The compression stroke takes place when both the 
inlet and exhaust valves are closed and the piston is raised to compress the fuel/air 
mixture; see Figure 2-15b. As the piston ascends and reaches the top dead center (TDC) 
of the cylinder the spark plug is initiated and explosively ignites the compressed fuel/air 
mixture. The explosion causes the pressure in the chamber to increase which forces the 
piston down with several tons of force. This is termed the power or expansion stroke; see 
Figure 2-15c. Lastly, the exhaust stroke occurs when the moving piston pushes the 
burned fumes through the opened exhaust valve, see Figure 2-15d, and thus allowing the 
Otto cycle to repeat [100, 101]. 
 
Figure 2-15 The four stroke engine cycle [101]. 
2.7.2 Piston Assembly 
Internal combustion engines used for passenger vehicles incorporate a variety of 
different cylinder orientations and number of cylinders depending on the size of the 
vehicle. The most common cylinder orientations are the in-line four cylinder, V6, and V8 
engines. The V engine has an angle of 90° between the two banks of cylinders designed 
to minimize vibration through destructive interference of harmonic overtones. These 
engines are typically used in larger cars and light duty trucks [100]. 
Regardless of the cylinder orientation, the heart of the reciprocating internal 
combustion engine is the piston assembly. It is the critical link which transforms the 
energy generated by combustion of the fuel and air mixture into useful kinetic energy [1]. 
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The piston ring interface with the cylinder wall is one of the most complicated 
tribological components in the internal combustion engine due to large variations in load, 
speed, temperature, and lubrication [1]. In a single stroke of the piston, the piston ring 
interface with the cylinder wall can experience hydrodynamic (full), elasto-
hydrodynamic (mixed), and boundary lubrication depicted in the Stribeck curve Figure 
2-12. The Stribeck curve is influenced by the operating parameters, materials, lubricant, 
and the surface. Particularly, the surface structure of the cylinder has an effect on wear, 
fuel consumption, and emissions caused by the lubricating oil which will be discussed 
later. 
At top dead center (TDC) and bottom dead center (BDC) the piston velocity falls 
to zero and the pressure generation in the lubrication gap can be caused by the preloaded 
piston ring “squeezing” the lubricated oil out of the gap. Here the oil film thickness is 
less than the surface roughness, thus a mixed regime is observed (Figure 2-17). 
Therefore, at TDC and BDC local wear of the cylinder wall is typically observed. With 
regard to power losses caused by friction, which is directly correlated to fuel 
consumption, the friction in the areas of the dead centers can be neglected due to the low 
sliding velocity [102]. Also, during the engine cycle the entire piston can exhibit a 
secondary transverse movement toward the cylinder wall and tilting about the main 
piston pin axis. This motion results in mixed or boundary lubrication between the piston 
skirt and cylinder wall and accounts for 30% of the total piston assembly friction [1]. On 
the other hand, between TDC and BDC the piston approaches its maximum velocity. At 
this point, hydrodynamic lubrication is typically observed, caused by the increased piston 
velocity and convergent gap created by the crowned surface of the piston ring (Figure 
2-17) [102].  
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improve its wear resistance. The linerless design can greatly improve the compactness of 
multi-cylinder engines by reducing the spacing between the bores [101].  
Monolithic blocks are typically made from grey cast iron due to its low cost, 
formability, and wear resistance. Materials which act as solid lubricants namely, 
graphite, MoS2, WS2, Sn, and Pb, can be added to the iron block to improve its 
machining and wear properties [3]. In addition, the mechanical strength of graphite iron 
monolithic blocks can be enhanced by modifying the graphite microstructure during the 
casting process. The conventional casting procedure produces a flaky graphite structure 
associated with high stress concentrations and hence, low strength and ductility. On the 
contrary, spheroidal graphite or nodular cast iron removes this stress concentration but 
thermal conductivity and scuffing resistance are somewhat lowered compared to the 
flaky structure. Therefore, to retain the beneficial properties of both flaky and spherical 
graphite a vermicular (worm-like) structure is used in compact graphite iron (CGI). CGI 
exhibits improved mechanical strength and good thermal conductivity. Therefore, CGI 
allows for the production of thinner and stronger cylinder blocks [101]. When high fuel 
economy and/or power to weight ratio is of importance a lightweight monolithic 
aluminum alloy block can be used to replace the heavy cast iron block; and will be 
discussed in a later section.  
 
Figure 2-18 Bore designs in engine blocks [101]. 
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2.7.4.2 Surface Preparation of Monolithic Al-Si Engine Bores 
Lightweight monolithic engine blocks comprised of hypereutectic aluminum 
silicon casting alloys have been produced by various manufacturers as early as the 1960s 
[27-29, 104, 105]. The development of the Reynolds 390 alloy (Al-17%Si-5%Cu-Mg) 
was one of the first, and was used in the Chevrolet Vega engine [24, 25]. Hypereutectic 
aluminum silicon alloys (14-10 wt% Si) are known for their high specific strength, wear 
resistance, and hot strength compared to hypoeutectic alloys (Figure 2-19) [29]. This 
technology was later used in European cars such as the Porsche 928, Daimler Benz 450 
SLC and Rolls Royce Camargue. However, their performance was limited by the low 
casting reliability which produced large sized, irregularly shaped, and unevenly 
distributed silicon particles.  
Currently, a commercial material named “Alusil” (Al-17%Si-4%Cu-Mg) is the 
forerunner of lightweight hypereutectic aluminum silicon monolithic blocks. Alusil has 
been used in many high end vehicles, namely Porsche, Bentley, Audi, and BMW, some 
dating back to the early seventies. Alusil relies on the state of the art low pressure casting 
process, which brings, besides many qualitative advantages, higher costs compared to 
high pressure die casting or squeeze casting. Originally, Alusil used honing and etchants 
to expose the silicon particles from the aluminum matrix; but now it has adopted the 
multi-stage honing process (Figure 2-20) [106-108]. 
Honing is a machining process that establishes accurate roundness and 
straightness to a cylinder by producing grooves or pockets, usually in a crosshatch 
pattern in its surface to help spread and retain oil [101-103]. This system facilitates the 
entry of oil into the combustion chamber through the motion of the piston, and causes the 
emission of unburned hydrocarbons and increased oil consumption. In addition, the 
surface finish must be controlled and consistent to provide optimal contact characteristics 
to limit point pressure loading and maintain good heat transfer [103]. Surface finish is 
typically quantified by the average roughness (Ra). In general, a surface with a high Ra, 
such as plateau honing, exhibits increased oil consumption but excellent scuffing 
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resistance at high temperatures when compared to a lower Ra. This is due to the fact that 
a high Ra can maintain more lubricating oil without disrupting the oil film [101]. 
Depending on the type of engine and surface finish required, honing can be 
accomplished and combined with a variety of different techniques and tools such as 
ceramic stones, diamond hones, rubber tools, cork tools, composite stones of cork or 
diamond, laser structuring, electron beam, and chemical etching [1, 102]. For example, 
the surface finish of aluminum silicon bores can be accomplished by a multistage process 
consisting of: 1) machining, 2) rough honing, 3) semi-finish honing, and 4) mechanical 
reduction; see Figure 2-21 [100, 106]. The first step, machining establishes the 
appropriate dimensions and surface finish of the bore by making a rough cut into the bore 
surface, removing approximately 3 mm of material. The second stage, rough honing 
establishes a precise geometrical cylindrisity by removing approximately 25 μm with a 
honing stone. The third stage, semi-finish honing ensures that the final bore diameter 
criteria is met and is accomplished by the removal of approximately 10 μm of material. 
Lastly, mechanical reduction or “stripping” of the surface is conducted. Unlike the first 
three steps, mechanical reduction only removes the soft aluminum matrix not the silicon 
particles. This is accomplished by a diamond embedded polymer matrix that conforms to 
the hard Si particles, thus removing approximately 2 μm of soft aluminum matrix. This 
stage closely resembles the costly chemical etching method, but without negative 
environmental affects [100]. In addition, the silicon edges are slightly rounded due to the 
mechanical stripping. This avoids damage to the piston ring during the running-in period, 
and hence preventing high oil consumption and emissions [106]. To conclude, the honing 
process can involve many different stages and tools depending on the cylinder material 
and the surface finish required for optimal engine operation.  
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Figure 2-19 Influence of silicon content on wear resistance of Al-Si alloy [29]. 
 
Figure 2-20 Mechanically exposed Alusil cylinder bore surface after the honing process [108]. 
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Figure 2-21 Machining sequence during honing of metal matrix composites. The figure shows from 
top to bottom the initial state and honing steps 2 to 4; after [106]. 
2.7.4.3 The Heterogeneous Engine Block 
Heterogeneous engine blocks (Figure 2-18) incorporate a liner or “sleeve” which 
is usually comprised of a material that has a higher wear resistance than the bulk engine 
block. These liners come in three different forms: dry, cast, and wet [101]. A dry liner is 
pressed or shrunk into a cylinder which has already been bored out of the engine block. If 
the liner is incorrectly fitted into the cylinder it can loosen as a result of the thermal 
expansion difference of the sleeve and block material. A cast-in liner is the most popular 
type and is created when the molten engine block metal encompasses a mould containing 
the liner stuffed with a sand core. After solidification the liner is firmly enclosed by the 
surrounding engine block material. This firm fit is a result of residual stress caused by 
the difference in thermal expansion of the liner and block material. Lastly, a wet liner has 
an outer surface that is directly exposed to the coolant in order to quickly dissipate heat. 
Since a wet liner does not have the added support of a cylinder block it must be made 
much thicker than a dry or cast-in liner [101].  
(1) 
(2) 
(3) 
(4) 
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As previously mentioned, lightweight engines are usually made from aluminum 
alloys due to their excellent power to weight ratios. These engines can be made with or 
without liners. Cylinder liners are usually made from grey cast iron via sand casting [1, 
11, 103]. To improve wear resistance small amounts of chromium, copper, molybdenum, 
titanium, nickel, and vanadium are added in combination or individually. Cylinder liner 
materials correspond to a compromise between tribological properties necessary and the 
mechanical properties to withstand the thermal stresses that are cyclically applied. A 
variety of surface coatings and techniques can also be applied to liners such as chrome 
plating, molybdenum spraying, nitriding, and the Laystall process to improve scuffing, 
wear, and corrosion resistance [103]. 
2.7.4.4 Quasi-monolithic Blocks 
Aside from honing, a variety of surface coatings and techniques can be used to 
obtain a wear resistant cylinder or liner. As previously mentioned methods such as: 
chrome plating, molybdenum spraying, nitriding, thermal spraying, and the Laystall 
process are ways in which liners can be coated [103, 109]. Similarly, surface coatings 
can be applied to linerless aluminum engines; this establishes the quasi-monolithic 
engine block concept. The goal of a quasi-monolithic block is to achieve the advantages 
of a monolithic block with reduced costs for mass production. This can be accomplished 
by a number of methods summarized in Figure 2-22. 
Silicon enrichment of cylinder bores can take place only locally (i.e. near the 
contact surface) and still exhibit good wear resistance. For example, this can be 
accomplished by the commercial coating “Nikasil” which is galvanically 
(electrolytically) applied to aluminum bores. Here, small SiC particles in the nickel based 
coating strengthen the matrix and its hardness. Compared to oxide coatings, Nikasil 
coatings offer high scuffing resistances and less damage to piston rings. However, if 
chrome rings are used, apparent material transfer takes place by adhesion due to the 
mutual solubility between Cr and Ni. In addition, the nickel based coating has been 
reported to react with sulfur present in fuels, causing excessive bore wear. Nevertheless, 
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it has been reported to demonstrate good wear resistance and has been used in BMW’s 
M52 and M60 engines, the Corvette ZR1, and the Porsche 911 [11]. 
Aside from surface coatings, a quasi-monolithic block can also be created by the 
commercial concept termed “Lokasil”. Lokasil applies highly porous, hollow cylindrical 
parts of silicon, so-called performs, that are infiltrated during casting under pressure with 
economical secondary alloy (A226) [106, 110]. Therefore, Lokasil is a unique concept 
which links the advantages of a lightweight monolithic block and the highly productive 
die casting process.  
 
 
Figure 2-22 Cylinder surface technologies for aluminum engine blocks; after [106]. 
2.7.5 Engine Wear 
Engines are repetitively subjected to an array of extreme operating conditions 
such as: high/low temperatures, high loads/stresses, varying sliding speeds, engine 
contaminants (e.g. soot), and insufficient lubrication. All these factors will influence the 
wear of an engine, some more than others. For example, cold engine temperatures are a 
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frequent occurrence during the initial start up of an engine; in this case little or no oil is 
present on the cylinder walls and the flow of oil is restricted due to its increased viscosity 
caused by the cold temperature. Although, high temperatures can cause excess wear in an 
engine due to the oil layer burning off, these conditions are not as frequent and 
detrimental when compared to the problems associated with a cold engine start. There are 
three main types of engine wear, namely corrosion, abrasion, and scuffing; each can 
occur separately or in unison [105].  
Engine corrosion is most often associated with cold engine temperatures where 
natural condensation can easily form [111]. At cold temperatures the oil loses its fluidity; 
this results in a thin oil layer which allows moisture to make contact with the engine 
bore. As a result, corrosion of the engine bore takes place. In addition, the accumulated 
moisture can react with the normal engine deposits present in the oil, thus making the oil 
acidic resulting in further material loss via corrosion [105, 111]  
In general, scuffing is considered the most destructive form of engine wear. It is 
generally accepted that once a lubricant and its protective films fail scuffing will occur; 
which is defined as a form of localized damage, in sliding contact, resulting from plastic 
deformation and adhesion [32, 36, 112]. Scuffing is not a new phenomenon; however no 
universal model has been accepted to explain its complexities. Fortunately, bench and 
laboratory experiments [11, 20, 31, 32, 36, 42, 104, 109, 111-118] are in general 
agreement upon the fact that scuffing is dependent upon the surface preparation, 
materials, lubrication, temperature, and duration of the wear system. It can take place 
even when there is only a limited amount of damage and/or wear. Scuffing is a 
progressive process which starts at the scale of a single asperity further leading to 
macroscopic deformation and eventually seizure of the mechanism. Plastic flow of the 
asperities progresses to a point where the high temperatures and stresses which are 
associated with the release of energy cause the lubrication film to break down, thus 
leading to surface damage (Figure 2-23). In this case, deformed asperities eventually 
break away due to plastic fatigue and agglomerate forming large work hardened 
particles. These particles increase contact stresses beyond sustainable fluid film 
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hypereutectic alloys contain coarse, angular primary silicon particles complimented by 
the eutectic silicon phase [29, 107]. Silicon which has a low density of 2.34 
g/cm3,reduces the overall weight, increases corrosion and wear resistance, improves 
casting and machining characteristics, and lowers the thermal expansion of the alloy [29]. 
Impurities such as iron, manganese, copper, and zinc exist in varying amounts 
within a given alloy depending on the purity of the base material. In fact some of these 
elements, namely copper and magnesium, are added intentionally as alloying elements to 
improve the strength and hardenability of the cast material. The alloying elements and 
impurities partly go into solid solution with the matrix, as well as forming intermetallic 
particles upon solidification [121].  
Specifically, for hypoeutectic alloys the following sequence of phase precipitation 
will take place [121]: 
1. Primary α-aluminum forms a dendritic network. 
2. Formation of aluminum-silicon eutectic regions. 
3. Precipitation of secondary eutectic phases such as Mg2Si and CuAl2. 
In eutectic alloys, pre-eutectic reactions may be avoided and in hypereutectic alloys, a 
primary reaction involving the precipitation of silicon will occur until the eutectic 
composition is attained. In addition to the main reactions, precipitation of other phases 
such as iron and manganese containing phases can take place [121].  
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Figure 2-24 Typical microstructures of hypoeutectic (Al-5.7Si, A319), eutectic (Al-11.9Si, A339), and 
hypereutectic (Al-15Si, A390) aluminum-silicon commercial alloys and corresponding binary Al-Si 
phase diagram; after [122]. 
2.8.1 Al-Si Alloys Designed for Wear Resistance 
Aluminum silicon alloys are known for their exceptional combination of 
preferable characteristics, which includes excellent castability, low density, and good 
mechanical properties [123]. Hypereutectic Al-Si alloys are most commonly used to 
provide wear resistance, as they contain coarse, angular, primary silicon particles as well 
as eutectic silicon. Commercial Al-Si alloys generally contain other alloying elements, as 
in A319 and A356 which further enhance or modify the wear resistance or impart 
additional properties to the alloy. The role of the microstructure, and specifically the hard 
phases and particles, play in providing wear resistance in aluminum casting alloys is still 
not fully understood. Both laboratory scale wear tests [11, 12, 20, 21] and engine tests 
performed on hypereutectic Al-Si alloys [16, 17] indicate that the hard particles that 
simply carry the entire load is not correct. Therefore, a wear resistant aluminum alloy 
should contain a solid solution strengthened-matrix, coherent precipitates of intermetallic 
compounds, and very fine, hard ceramic particles [2]. The subsequent sections will 
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discuss the alloying elements and their control, processing routes, strengthening methods 
and theories, and lastly the surface preparation of Al-Si cylinder bores. 
2.8.2 Role of Alloying Elements 
Silicon is an important alloying element since it reduces thermal expansion and 
increases fluidity of the melt. Moreover, mechanical properties such as tensile strength, 
hardness, wear resistance, and ductility are influenced by the silicon content. The latter 
being due to the reduced tendency of high silicon content alloys to form large pre-
eutectic α-Fe and β-Fe intermetallics during solidification [2, 3]. 
Copper, magnesium, and zinc are commonly added to improve mechanical 
properties via solid solution strengthening and precipitation of their intermetallics (i.e. 
Al2Cu and Mg2Si). The presence of iron and nickel allow the alloy to operate at elevated 
temperatures [2, 4]. In a study of an Al-11.7%Si alloy [4], nickel has been reported to 
improve the Si modification process linked to strontium. Additionally, Yuying et al. 
[124] has shown that nickel can promote primary Si precipitation in eutectic Al-Si alloys.  
Aside from improved elevated temperature properties, iron also prevents sticking 
between the mould and casting, but also creates large brittle α-Fe and β-Fe plates that 
lower ductility. Manganese additions are used to reduce the detrimental effects of the β-
Fe phase by replacing it with the less-detrimental Chinese script α-Fe phase and improve 
the elevated temperature properties of the alloy [5, 123]. In addition, the ultimate tensile 
strength (UTS) and % elongation have been observed to increase with increasing Mn up 
to an amount corresponding to a Mn/Fe ratio of ~1.2, after of which excess amounts of α-
Fe are observed [5]. Improved mechanical properties by the addition of Mn are due to the 
lower amounts of the β-Fe phase whose morphology restricts feeding during 
solidification, thereby increasing shrinkage porosity. In general, the best combined 
effects of strength and ductility will occur at low Fe contents and high cooling rates [6]. 
Phosphorous is an impurity that enters the aluminum casting melt through contact 
with tools, refractories, and crucible glazes. In hypereutectic alloys it is added 
deliberately to form AlP particles which nucleate primary Si [6, 125]. However, in 
hypoeutectic alloys the effect is negative, wherein the Si is coarsened by the 
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phosphorous; reasons for this are unknown.  Phosphorous can sometimes be 
advantageous, as in a Al-9 wt.% Si-3 wt.% Cu alloy where the addition of 19 ppm 
phosphorous noticeably reduces the percentage porosity [29]. In general, the negative 
effects of phosphorous on the eutectic structure outweigh the good, and hence the 
phosphorous content is usually kept to very low levels. 
2.8.3 Silicon Modification 
In Al-Si alloys the effect of silicon content and morphology on the wear 
resistance is very important and has been the main focus in many studies [12, 126-131]. 
In general, the resistance to permanent sinking-in of silicon particles into the aluminum 
matrix increases with the unexposed surface area to the buried volumes of the particles 
[127]. Smaller silicon particles provide the stiffest resistance to sinking-in, and hence the 
silicon morphology will play an important role in wear resistance. Silicon morphologies 
will depend on the complex interaction of five variables: type of modifier (i.e. sodium 
and strontium), impurities present in the melt (i.e. phosphorous), amount of modifier, 
cooling rate, and the silicon content of the alloy [132]. In general, high solidification 
rates assist modification and lower modifier levels; while high silicon concentrations 
require large amounts of modifier for complete modification. 
Modifiers such as sodium and/or strontium are believed to modify the plate-like 
silicon structure into a branched fibrous seaweed structure by the theory of Impurity 
Induced Twinning (IIT) [132]. The effect of mischmetal as a silicon modifier has also 
been of interest [133]. Mischmetal (MM) is a mixture of rare earth metals Ce, La, Nd, 
and Pr, which possesses a high chemical affinity for forming various intermetallic phases 
with other elements. Studies [133], show that MM does modify eutectic silicon particles 
and is most effective at high cooling rates. However, when MM is added to a Sr 
containing alloys the interaction between MM and Sr forms intermetallic phases, thereby 
decreasing the available Sr desired for modification. In general, traditional silicon 
modification by strontium or sodium is more effective than by mischmetal additions. 
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2.8.4 Solute Redistribution 
Solidification of an alloy rarely results in a solid in which the alloying elements 
are distributed uniformly. In general, redistribution of solute occurs during freezing, 
producing a solid that is inhomogeneous on the macroscale, microscale, or both [134].  
Inhomogeneous solute distributions associated with solidified alloys arise from 
discrepancies between the heat transfer (relatively rapid process) and solid state diffusion 
rates (relatively slow process) [134]. Thus, while the temperature of a system can be 
made to decrease rapidly, the slowness of the solid state diffusion restricts the ability for 
compositional change in the allotted time. 
Particularly for Al-Si alloys microsegregation refers to inhomogeneities 
associated with the dendritic structure at the same scale size of dendrites (i.e. a few 
micrometers to a few hundred micrometers). Prevention of interdendritic segregation is a 
virtual impossibility, as it requires freezing with a planar solid-liquid interface. Ensuring 
that solidification takes place as quickly as possible is the best method to minimize 
segregation. In this way, the deleterious aspects of microsegration, such as brittle 
intermetallics, will be minimized by ensuring these microstructural features remain small 
and uniformly distributed [134]. 
2.8.5 Processing 
Two main processing methods are available i) foundry: melting and casting, and 
ii) powder metallurgy: rapid solidification and consolidation. Each method has its own 
advantages and disadvantages [2, 135]. For this particular study, sand casting is the 
processing technique coupled with honing, mechanical reduction, and/or chemical 
etching (see §2.7.4.2), to provide the desired bore finish. A sand cast part is produced by 
forming a mold out of a sand mixture and pouring the molten metal into the sand mold. 
Once the metal solidifies by air cooling the sand mold is broken away and the cast part 
removed. Sand casting is associated with lower mechanical properties when compared to 
new casting techniques such as semi-solid processing, squeeze casting, and the Cosworth 
process. This is mainly due to the primary dendrites which grow and interact with each 
other. As a result, when only 20% of the melt freezes, viscosity decreases rapidly and 
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fluidity drops drastically; thus imparting poor characteristics such as porosity issues and 
microsegregation [29]. Sand casting may have its flaws but overall it is preferable for the 
mass production of engine blocks since it is cheap, can cast intricately shaped 
components, and is tribologically superior under boundary lubricated conditions 
compared to melt-spraying [2, 126]. 
2.8.5.1 Cell size 
The cell size or interdendritic arm spacing (DAS) is controlled by the cooling 
rate, which in turn is a function of the casting process. These tree-like structures form 
during solidification as a result of crystallographically preferred directions, demonstrated 
in Figure 2-25. For Al-Si alloys, high and low cooling rates typically correspond to DAS 
values of ~40 μm and 120 μm, respectively [123, 133]. A lower DAS is preferable as it is 
associated with better mechanical properties.  
 
Figure 2-25 Illustration of dendrite arms forming grains in solidifying alloy [136]. 
2.8.6 Strengthening Methods 
Increasing the hardness and toughness of a material will increase its wear 
resistance. The literature on the correlation between toughness and wear is scarce, 
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however there is much related to hardness [2]. Hardness can be increased by methods 
such as strain hardening, solid solution hardening, and precipitation hardening. The 
inside surface of an Al-Si engine bore can makes use of all these hardening mechanisms. 
Strain hardening can arise during running-in (see §2.5) of the engine, while solid solution 
hardening and precipitation hardening is introduced during heat treatment. 
2.8.6.1 Heat Treatment (Solid Solution and Precipitation Hardening) 
To obtain the desired combination of mechanical properties such as strength and 
ductility heat treatment is typically employed. For Al-Si alloys the T6 treatment has been 
deemed to provide the best combination of mechanical properties. The standard T6 
treatment encompasses three main stages: solution heat treating, water quenching, and 
artificial aging; see Figure 2-26 [133, 137]. Solution heat treatment is carried out at 
temperatures between the solidus and solvus curves of aluminum (~500 °C) in order to i) 
dissolve the solutes which are responsible for hardening; ii) homogenize the casting; iii) 
and spheroidize the eutectic silicon. Solution heat treatment situates the alloy in a 
saturated condition and upon water quenching, which prevents diffusion of the solute 
atoms, establishes a supersaturated solid solution. Artificial aging is then carried out by 
further heating the alloy at low temperatures (~155 °C). It is during this stage that 
precipitation of dissolved elements occurs, which is primarily responsible for the 
hardening of the matrix; see Table 2-II. It is important to note that the standard T6 
treatment described above may not be optimal for all Al-Si alloys, because different 
systems (i.e. Al-Si-Cu-Mg) have different aging behaviors due to more complex 
interactions. For example, aging at 170 °C for 8 hours of an Al-Si-Cu-Mg alloy produces 
optimal properties pertaining to: 432 MPa for UTS, 398 MPa for yield strength, 134 
VHN, 0.98% elongation, and 3.88 J for total absorbed impact energy [137]. 
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Table 2-II Typical hardness values of intermetallic constituents of Al-Si alloys [123]. 
Phase Hardness 
MPa kfg/mm2
CuAl2 3900 400 
3800-7600 390-780 
FeAl3 7200 730 
6400-9400 650-960 
5160-7110 526-725 
3500 360 
NiAl3 6000-7600 610-770 
7100 720 
4500 460 
Ni2Al3 9800-11,000 1000-1120 
7000-14,200 715-1450 
11,880 1211 
Mg2Si 4480 457 
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Figure 2-26 Schematic of the hardening process [138]. 
2.8.6.2 Grain Boundary Strengthening 
Grain boundaries help limit dislocation motion because: i) dislocations alter their 
direction of motion due to the different orientation of grains, and ii) discontinuity of slip 
planes between grains [139]. Finer grains are favorable as they provide better strength, 
fatigue life, and fine distribution of secondary phases and microporosity [140]. The grain 
size of primary aluminum is controlled by the solidification rate and by the addition of 
heterogeneous nuclei within the melt in the form of inoculants such as Ti and TiB. 
Aluminum grain sizes typically vary from ~100 to 500 μm [135]. The relationship 
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between grain size diameter d, and yield stress σy is expressed by the Hall-Petch 
equation:   
Equation 2-16 
1/ 2 ......(2 16)y o kdσ σ −= + −  
where σo is a material constant representing the starting stress required for dislocation 
movement and k the strengthening coefficient. Since k is relatively small for aluminum 
alloys sufficient strengthening is only possible with very fine grain sizes [141]. It is 
important to note, that a grain size below 10 nm will result in a decrease in strength due 
to grain boundary sliding [142].  
2.8.6.3 Strain (Work) Hardening 
The interaction of dislocations with one another is the main mechanism of work 
hardening. Dislocations interact through their individual stress fields; for detailed 
descriptions of deformation structures and their formation refer to §2.5. These stress 
fields impede dislocation motion and hence, with increasing dislocation density 
entanglement and jogs are readily created which thwart dislocation motion. The 
correlation between dislocation density ρ┴ and yield strength σy is as follows:  
Equation 2-17 
......(2 17)y Gbσ ρ⊥= −  
where G is the shear modulus and b burgers vector [139]. 
2.9 Wear Regimes of Al-Si Alloys 
In section 2.3.3.7 the conception of wear regimes in metals was introduced. 
Specifically, for Al-Si alloys three distinct regimes, ultra-mild wear (UMW) [7, 21, 23, 
143, 144], mild wear (MW) [8, 9, 15, 145-147], and severe wear (SW) [8, 9, 15, 145-
147], have been delineated. The rate of material removal and the mechanisms responsible 
are different in each regime.  
2.9.1 Ultra-mild Wear 
In general, UMW corresponds to light loads (i.e. < 10N depending on the 
tribosystem) and a wear rate on the order of ≤ 10-5 mm3/m. The wear rates associated 
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with UMW are often immeasurable with the conventional mass loss techniques; 
therefore, non-traditional methods such as the radionuclide technique (RNT) are often 
employed [91, 148, 149]. Elmadagli and Alpas [144] have achieved UMW rates when 
studying the sliding wear behavior of an Al-18.5 wt.% Si (A390) alloy tested in different 
atmospheres and with different counterfaces. Ultra-mild wear rates were achieved via a 
block-on-ring (SAE 52100 type steel) configuration when tested in an argon atmosphere 
and under loads below 10N. Low wear rates pertaining to the UMW under the same 
loading conditions could not be reproduced in dry air with 5% RH and most likely due to 
the formation of oxidized iron-rich tribolayers easily subjected to spallation. A390 
samples were also tested against diamond-like carbon (DLC) coated steel counterfaces in 
air and resulted in UMW rates; which resulted from the worn surfaces being free from 
iron-rich oxidized layers.  
Chen et al. [21, 23, 143] have reported UMW rates on etched eutectic Al-Si 
surfaces under boundary lubricated (5W- 30 synthetic engine oil) sliding conditions 
using a ball (AISI 52100 steel) on-disc tribometer under light loads of 0.5 N, a sliding 
speed of 50 mm/s, and over sliding distances up to 2.2×103 m (105 cycles). The worn 
surfaces did not show evidence of material transfer, back transfer, or loose debris 
generation (i.e. small, equiaxed, or plate-like) typical of the MW regime. At the 
microscopic level surface damage in the UMW regime was observable and occurred by 
two ways: i) the reduction of Si particle height, by fracture and sinking-in of the harder 
phases into the softer aluminum; and ii) plastic deformation and flowing-out of the 
aluminum surrounding sunken-in particles. Chen et al. [21, 23, 143] have suggested that 
increasing the matrix hardness and silicon particle size, while maintaining a low aspect 
ratio would improve the load capacity of Al-Si alloys and prolong UMW.  
2.9.2 Mild and Severe Wear 
Compared to UMW, MW and SW of Al-Si alloys have been studied by numerous 
authors [8, 9, 15, 145-147]. In general, the MW regime pertains to a volumetric wear rate 
of 10-4 to 10-3 mm3/m, while the SW regime corresponds to a loss ≥10-2 mm3/m. Sarkar 
[9] has investigated the dry sliding wear of two Al-Si alloys containing 10.9 and 22.1 % 
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Si via a pin-brush tribometer with steel and grey cast iron counterfaces. Two regimes 
were observed: i) mixed mode of elastic plastic contact that followed Archard’s law [56] 
(see §2.3.3.7), and ii) gross plastic flow where the wear rate was not directly proportional 
to the load. Sarkar also indicated that the hypoeutectic sample experienced lower wear 
rates than that of the hypereutectic sample; which is in agreement with the work of 
Clarke and Sarkar [10]. 
Kanth et al. [147] has identified the existence of a transition in wear rate of an Al-
17% Si as-cast alloy dry slid against a hardened EN 24 steel surface at a speed of 0.5 m/s, 
related to the applied pressure. Two regimes were delineated: i) worn surface contained 
deep abrasion grooves, craters, and no evidence of a transferred iron-rich layer, and ii) an 
increased wear rate pertaining to a surface that is plastically deformed with a smooth 
topography. The transition between the two regimes is controlled by unstable material 
behavior in hump-shaped pockets of the near surface.  
Shivanath et al. [15] divided the wear of Al-Si alloys into two categories based on 
the dominant wear mechanism and also investigated the effects of chemical etching using 
a dry pin (Al-Si)-on-disc (steel) apparatus. At low applied loads an aluminum oxide layer 
(10-80 μm) was generated. Wear initially took place by oxidation of asperities, and 
secondly by the fracture and compaction of oxidized wear debri into a film. Oxidative 
wear is considered to be independent of the Si content and morphology; its rate is 
controlled by the thickness oxide film. With increasing loads metallic wear became the 
predominant process whereby, the surface was characterized by plastic deformation, 
fracture, wear debris formation, and significant material transfer. The high wear rates 
prevented the formation of a protective oxide layer. Higher silicon contents were 
reported to extend this regime to higher loads. Interestingly, an intermediate wear regime 
with high wear rates was identified in hypoeutectic samples; however, this intermediate 
metallic wear was completely suppressed by means of chemical surface etching which 
left Si particles standing above the Al-matrix.  
Conversely, Reddy et al. [146] have reported that binary Al-Si alloys containing 
7-17 % Si, when considered as a function of load and dry slid against steel in a pin-on-
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disc tribometer, exhibit three distinct regimes: mild, severe, and seizure (see Figure 
2-27). MW took place at low loads and was characterized by the in situ formation of a 
protective iron-rich compacted layer; here, wear debris resulted from abrasion and 
cracking of this layer. As load increased SW set in and operated by a delamination 
mechanism [7, 50]; whereby subsurface deformation and cracking resulted in 
fragmentation of Si particles and elimination of the iron-rich layer. Eventually, when 
near surface temperatures reached levels high enough to lower the shear strength of the 
subsurface layer, seizure became inevitable.  
 Zhang and Alpas [8] have studied the transition from mild to severe wear in 
aluminum alloys as a function of the applied load and sliding velocity. In addition, they 
have studied the effects of the contact temperature on the transition zone. At low loads 
and velocities it was found that MW was caused by the production and delamination of 
mechanically mixed surface layers. At higher loads and velocities, MW resulted from the 
delamination of aluminum material adjacent to the contact surface. Severe wear resulted 
in the production of large wear debris by the process of thermal softening. In addition, it 
was observed that when the average bulk contact surface temperature (Tb) of an 
aluminum alloy reaches a critical temperature, typically 0.4 of the melting temperature 
(Tm) of aluminum, the transition from mild to severe wear is completed for both load 
induced and velocity induced transitions. It was then determined that this critical 
transition temperature could be increased or delayed by means of forced cooling, 
increasing the thermal conductivity of the counterface, development of tribological layers 
through incremental loading and velocities, and reinforcing the microstructure with 
ceramic particulates. 
Elmadagli and Alpas [150] further divided the MW regime into two sub-regimes 
using a block-on-ring tribometer under dry sliding and a dry air (5% RH) environments; 
which encompassed A383 (8 wt.% Si), A390 (18.5 wt.% Si), and Al-25 wt.% Si alloys. 
The transition from MW to SW and the sub-regimes of MW appeared in all of the tested 
alloys. The first sub-regime of mild wear (MW-1) took place under low loads and the 
second sub-regime (MW-2) under higher loads. Tribolayers formed at a faster rate with a 
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greater amount of material transfer in MW-1; whereas, thick tribolayers easily subjected 
to spallation were observed in MW-2, and thus accounting for the increased wear rate of 
MW-2. The wear rate of the MW regime along with its sub-regimes increased linearly 
with increasing sliding distance; however, the severe wear regime showed an unstable 
wear rate that increased exponentially with sliding distance. 
 
 
Figure 2-27 Schematic diagram of the following wear processes in Al-Si alloys: (a) mild wear, (b) 
severe wear, (c) seizure [146]. 
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2.10 Dry Sliding Wear of Al-Si Alloys 
2.10.1 Wear Mechanisms 
As previously mentioned (see §2.3.3.7), sliding wear often involves many 
different modes and mechanisms operating in competition or in unison. In fact, the main 
reason why different wear regimes (see §2.9) exist in Al-Si alloys is essentially due to a 
variation or change in the dominant wear mechanism [69]. Similar to Lim and Ashby 
[59], Liu et al. [151] has developed an empirical wear mechanism map, shown in Figure 
2-28, for Al-Si alloys using normalized test variables and a physical modeling approach. 
Here, normalized pressure was calculated using the nominal (apparent) contact area of 
the worn surface and its room temperature hardness. Similarly, normalized velocity was 
obtained by incorporating the thermal diffusivity of the wearing surface, along with the 
radius of circular nominal contact area. Wear map field boundaries delineating different 
wear mechanisms were constructed by using the critical wear values located at 
discontinuities in the slope of the wear curve. The main mechanisms distinguished in 
Figure 2-28 are oxidative wear, delamination wear, severe plastic deformation wear, melt 
wear, and seizure. As mentioned in section 2.9.2, oxidative wear typically corresponds to 
the MW regime and delamination or metallic wear is associated with SW. The 
fundamentals of oxidative wear have been discussed in section 2.3.3.3 and thus will not 
be elaborated any further. Delamination wear or plastically dominated wear has been 
proposed by Suh [50, 152]. According to this widely accepted theory, wear takes place 
through the deformation of the subsurface layer, nucleation of cracks at the subsurface, 
and the propagation of these cracks almost parallel to the surface. The combination of 
frictional shear stresses and normal surface adhesion stresses give rise to crack 
propagation which eventually forms metallic plate-like wear debris.  
Zhang and Alpas [7] have investigated delamination wear in Al-7% Si alloy 
under dry sliding wear conditions with the use of scanning electron microscopy (SEM) 
and metallographic techniques similar to Moore and Douthwaite [85]. Much of the wear 
debris consisted of plate-like geometries thus, indicating subsurface delamination as the 
dominant wear mechanism. It was found that the depth of the deformed zones and 
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magnitude of the strains both increased with applied load and sliding distance. Plastic 
strain and flow stress in the deformed regions have a stress-strain curve characterized by 
the exponential work hardening Voce equation. Initially accelerated strain hardening was 
present; however, as the hardening capacity of the material is approached the rate of 
strain hardening decreased to zero. Void nucleation was found to initiate at the Al-Si 
interfaces. Voids then grew and linked together forming subsurface cracks 10-20 μm 
below the surface. These subsurface cracks eventually penetrated through the surface, 
resulting in subsurface delamination. The critical depth, where subsurface cracks most 
readily form, was found to be dependent upon the competition between the hydrostatic 
pressure (σh) which restricts void growth and plastic strain (ε) which supports it. As 
hydrostatic pressure is increased the critical depth (Zc) increases but the rate of void 
growth (?? ) based on Rice and Tracey [153] declines.  
As previously mentioned in section 2.9.2, Zhang and Alpas [8] have also studied 
the effects of contact temperature, load, and speed on an Al-Si (6061) alloy. In this study 
SEM observations revealed that MW consisted of equiaxed wear debris at low loads and 
sliding velocities; where the debris was removed from the surface by spalling of the 
mechanically mixed layers. During the light load and velocity conditions a constant wear 
rate was obtained due to surface oxidation and iron transfer occurring concomitantly. The 
presence of hard iron mixed with the equiaxed particles was suggested to be caused by 
the abrasive action of the aluminum oxide. In the MW regime, as loads and velocities 
increased, debris gradually took the form of aluminum plate-like particles resulting from 
delamination. Severe wear set in when the load and speed increased sufficiently to raise 
the contact surface temperature to the critical transition temperature. Here, immense 
plastic deformation and large Al plate-like debris formed, resulting from direct Al 
detachment caused by thermal softening. It was also determined that tribolayers 
developed by incremental testing could extend the realm of the MW regime. Previously 
stated in section 2.9.2, Elmadagli and Alpas [150] examined the MW regime in greater 
detail with respect to the formation of tribolayers.  
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Shivanath et al. [15] has investigated the dry sliding response of a chemically 
etched Al-11 wt.% Si alloy. By comparison to an identical test using a non-etched 
surface they have concluded that metallic wear can be suppressed by maintaining a 
surface finish which leaves Si particles protruding from the Al-matrix. Silicon exposure 
prevents direct contact between the counterface and soft Al-matrix. Using the same basic 
concept, Riahi et al. [20] examined the scuffing resistances of etched Al-12% Si alloys 
with different particle morphologies (high aspect ratio—needle-like, low aspect ratio) 
using a pin (AISI M2 steel)-on-flat tribometer with a normal load of 5 N and sliding 
speed of 0.5 m/s. They determined that the onset of scuffing was dependent upon the 
etching time, and that a microstructure with a lower aspect ratio increased scuffing 
resistance. An etching time between 5 to 7 min using a 10% NaOH solution was deemed 
optimum for scuffing prevention. Samples that were over-etched resulted in a weak Si/Al 
interface due to excessive dissolution of the matrix surrounding the Si particles; this lead 
to the removal of Si particles from the contact surface eventually leading to scuffing. 
Low wear rates within the UMW regime were observed in all samples prior to scuffing. 
Once Si particles fractured damaging the soft Al-matrix (i.e. three-body abrasion), direct 
metal-to-metal contact occurred and scuffing became dominant; which was 
complimented by material transfer from the Al-Si surface to the counterface. SEM 
observations indicated that Si fracture developed at the root of the particles due to tensile 
stresses, and at the edges where contact with the counterface occurred. Fracture at the 
root produced large loose Si particles that were far more effective at ploughing the Al-
matrix, as compared to smaller particles produced by edge fracture, have shown An 
optimum average surface roughness (Ra= 0.4 μm) prior to etching increased the scuffing 
resistance. However, increasing the Ra values past 0.4 μm had no effect on scuffing 
thought to be due to the micro-valleys on the rough surface entrapping loose Si particles, 
which prevented ploughing. Others [106] (see §2.7.4.2) have suggested that polishing 
prior to etching can round Si edges, reducing the probability of edge fracture. In a related 
study, Riahi and Alpas [154] have correlated the fracture of silicon-rich particles (SRP) 
to a critical thicknesses (tc), where below this value SRPs detached from their roots that 
were connected to the Al-matrix below. They also suggested that the SRP critical aspect 
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ratio (t/lc), where t is the particle elevation height and lc is the width of the particle, 
should be considered when choosing optimal etching parameters.  
 
Figure 2-28 Al-Si wear map. The symbols in the figure represent various authors denoted by Lui et 
al. [151]. The numbers in the figure represent the normalized wear rate, 
_
/ nW W A= , where W is the 
wear rate in mm3/m and An (m2) is the nominal area of contact. 
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2.10.2 Subsurface Zones and Mechanically Mixed Layers 
The formation of tribolayers also termed the mechanically mixed layer (MML) in 
worn Al-Si alloys has been investigated by a number of authors [75, 155-161]. This layer 
is not to be confused with nanoscale tribofilms (see §2.11.1.2) produced by antiwear 
additives. Tribolayers are located on the worn surfaces and are often associated with 
debris formation; therefore, it is important to understand how these layers form and their 
influence on wear resistance. 
Material properties in MMLs vary significantly from the bulk exemplified by 
differences in hardness, elastic modulus, stress-strain behavior, and ductility [93]. The 
chemical and structural changes associated with MMLs are often generated by a 
combination of the following processes: plastic deformation, interactions with the 
environment, material transfer, and mechanical mixing [95]. Kapoor and Franklin [93] 
have modeled the formation of tribolayers in ductile metals. They have found that MMLs 
can be modeled by several sub-layers that have been generated in response to stresses 
exceeding the shear strength of the material; as the ductility of these sub-layers is 
exhausted failure will occur, thus generating wear debris via rachetting. Similarly, 
Rainforth [75] has experimentally shown that the wear of Al-12% Si alloys follows a 
rachetting wear mechanism at low loads and oxidation dominated wear at higher loads. 
Despite the different wear mechanisms taking place at various loading conditions, he has 
stated that the wear rate for Al-4% Cu and Al-12% Si is a linear function of the depth of 
deformation. Other authors [83, 155, 159, 162] have also suggested a linear relationship 
between depth of deformation and the wear rate. A related (transmission electron 
microscopy) TEM study by Perrin and Rainforth [159], has shown that under dry sliding 
conditions at 0.24 m/s, under loads ranging from 6-54 N, using a pin (Al-12% Si) -on-
disc (cast iron) tribometer that the minimum subgrain size (400 ± 50 nm) developed in 
eutectic Al-Si alloys occurs beneath the surface, with coarser subgrains nearing the 
surface resulting from flash temperature fluctuations. 
Rice et al. [94] has done a general survey based on the development of subsurface 
zones in sliding wear. It was established that subsurface zones depended 
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(morphologically and compositionally) upon test materials and geometry, mechanical 
conditions of contact, and the environment. They have shown that three distinct 
subsurface zones exist, illustrated in Figure 2-29. Zone 1 represents the original 
undisturbed bulk material. This zone has experienced elastic deformation and thermal 
cycling but not to an extent that would change its original structure and properties. 
Similarly, Zone 2 contains the same material as the original specimen; however, the 
structure and properties have changed. Zone 2 contains significant plastic deformation 
resulting from the enormous strains induced by the tribocontact. These strains typically 
lead to the development of subgrain structures and crystalline refinement (see §2.5.1). 
Lastly, Zone 3 is a near-surface tribolayer that is both physically and chemically distinct 
from the other zones. This zone consists of original material as well as species from the 
counterface and environment. Often Zone 3 is homogeneous and very finely structured. 
Its hardness, thickness, and chemical composition are dependent upon the contact 
conditions (contact stress, sliding velocity, initial material properties, surface roughness, 
geometry, and duration of contact [94]. 
Mohammed Jasim [161] has investigated the subsurface damage in near-eutectic 
Al-13 wt.% Si and hypereutectic Al-22 wt.% Si alloys. Wear tests were conducted under 
dry sliding conditions using a modified pin-on-disc (steel) tribometer under several of 
loads (1-15 N) and sliding speeds (0.85-5 m/s). Subsurfaces were characterized using 
oblique mounting and polishing techniques in conjunction with SEM. It was shown that a 
decrease in the depth of subsurface damage occurred with increasing sliding speed. As 
speeds increased a distribution of interface conditions (nature and extent of track marks, 
crack propagation, flow of metal, and melting of asperities) brought the wear rate closer 
into surface layer control [161]. In general, it was found that an increase in load 
increased the depth of subsurface damage. Furthermore, by heat treating the 
hypereutectic alloy, which improved the cohesion between the matrix and Si phase, it 
was found that no transition in wear rate occurred due to the increased plastic flow and 
seizure resistance of the alloy. In both hypereutectic alloys the coarse Si particles 
fragmented into spheroidized particles 3-5 μm in diameter near the surface. In the 
hypereutectic samples, three zones were identified: i) a region near the worn surface 
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uniformly distributed by spheroidal particles, where no direction of plastic flow was 
observable; ii) a transition zone where needle-like and primary Si particles are just 
beginning to crack; and lastly iii) the unaltered microstructure which depends on the 
depth of subsurface damage. In the Sr and Na modified eutectic samples, where Si is 
already present as fine particles, no transition zone or further fragmentation took place. 
According to Mohammed Jasim [161] fragmentation was a result of material 
deformation, whereby Si particles were subjected to compressive and shear stresses 
during sliding, which caused cracking. In summary, the size of Si fragments (3-5 μm) 
remained constant regardless of sliding speed, bearing load, counterface hardness, heat 
treatment, and concentration or morphology of silicon phases.  
Elmadagli and Alpas [14, 144] have investigated the dry sliding wear of Al-18.5 
wt.% Si alloy (A390) in air [14] and argon [144] atmospheres. Under various loads 
within the mild wear regime they have concluded that wear was a result of the formation 
and breakdown of tribolayers. Initial tribolayer formation was a result of iron transfer 
from the steel counterface to the silicon particles in contact. Under the MW-1 subregime 
at light loads (10 N), tribolayers were thin (0-10 μm) and discontinuous. Conversely, 
under the MW-2 subregime at higher loads (60 N) tribolayers were thicker (40-60 μm) 
but showed evidence of crack propagation and spallation at the tribolayer/matrix 
interface. Both MW subregimes contained small surface grooves (4 μm in depth at 10 N), 
along with subsurface damage beneath the tribolayers in the form of fractured Si 
particles. Overall, the tribolayers generated in air were iron-rich, contained aluminum 
and oxygen, and were hard (subject to spallation); as compared to the argon generated 
tribolayer which at steady state was rich in aluminum and contained a lesser degree of 
oxide and iron. Li et al. [160] performed detailed electron probe micro-analyzer (EPMA), 
FIB and TEM analysis on the same Al-Si (A390) alloy worn under a constant load of 10 
N and sliding velocity of 1 m/s using a dry block-on-ring (steel) tribometer identical to 
Elmadagli and Alpas [14, 144]. They found that a discontinuous tribolayer, 10 μm in 
thickness, formed in air and in argon atmospheres. The tribolayer formed in air was 
severely fractured due to the brittleness caused by oxides present. They have also 
indicated that ultra-fine grains (~100 nm) of aluminum have formed beneath the 
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Figure 2-30. ZDDPs are typically employed for their excellent antioxidant properties. 
They prevent the base oil from oxidizing during the combustion process; in turn, 
preventing the production of corrosive products. Also under high temperature and 
pressure, ZDDPs break down the volatile conditions in a combustion engine by creating 
reaction products which result in the formation of sacrificial films; typically comprised of 
varying amounts of zinc, phosphorus, sulfur, and oxygen [164, 165]. These films help 
reduce asperity contact and are sometimes referred to as antiwear films. Antiwear films 
have complex and heterogeneous structures. Atomic force microscopy (AFM) has shown 
that this heterogeneous surface has two distinct regions, one where the film is abundant 
termed antiwear pads which can exceed 100 nm from the surface and two, the regions 
between the pads termed valleys [165]. Large antiwear pads have been identified to form 
at the regions of contact between the two sliding surfaces. The centers of the large pads 
are much stiffer and more elastic than the lower valley regions. The valley regions are 
composed of softer more plastically deformable material, suggested as being antiwear 
film intermediates [165].  
It is important to emphasize that the speed at which a film is formed will 
drastically affect the wear of the system. Film formation has been reported to develop 
1000 times more readily on nascent metallic surfaces as compared to an oxide surface 
[31]. A nascent surface is far more reactive because (i) no oxide barriers are present 
between the metal and reactants; (ii) surface atoms release “Kramer electrons” that help 
initiate reactions; and (iii) nascent surfaces formed under sliding contain a number of 
defects that serve as catalytic sites for reactions. Based on this ideology the speed of 
reaction would only take a few milliseconds at nascent asperity peaks to produce a thin 
film possibly 5 nm thick. Between asperity peaks a slower form of chemical attack would 
occur closest to thermodynamic equilibrium (i.e. oxides or oxidation products of 
sacrificial films). Figure 2-31 illustrates this model wherein a thin film could be 
sustained at high contact rates several thousand revolutions per minute [31]. 
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Figure 2-30 Example of chemical compounds used as boundary lubricant additives [166]. 
 
 
Figure 2-31 Preferential formation of sacrificial films at localized areas of nascent metallic surface 
[31]. 
2.11.1.1 Additive Interaction 
The combination of ZDDP with other oil additives, for example molybdenum 
dithiophosphate and calcium detergents can have three possible mechanisms of 
interaction. First, ZDDP and the other additives can react together in the lubricant; this 
product can then react with the sliding surfaces. A second outcome can take place where 
no interaction between the additives arises. Therefore, each additive will react with the 
sliding surfaces independently and in competition. Lastly, a “paste” can be formed by the 
reaction products of ZDDP and the reaction products of the other additives. The paste 
will then be responsible for the wear reduction and lubrication performance of the sliding 
surfaces [165]. An example of one of these mechanisms can be observed between the 
negative interaction of ZDDP and detergents. In this case the detergent forms a thinner 
layer of film which obstructs the formation of the ZDDP layer by interacting with the 
ZDDP in solution. This decreases the wear performance when compared to the additive 
alone [165, 167]. Therefore an optimum lubricant not only must be compatible with the 
elements of the wear couple but also with the additives contained within. 
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2.11.1.2 Antiwear Film Formation on Al-Si Alloys 
In the past, a number of authors have investigated the effects, formation 
mechanisms, structure and composition of boundary lubricating films [165, 168-173], 
with much attention being focused towards ZDDP tribofilms formed on ferrous materials 
[165, 174-176]. There is a general agreement that polyphosphate films do form on 
aluminum surfaces similar to that of steel but speculation still arises with regards to its 
effectiveness as an antiwear agent for aluminum surfaces [16, 165, 167-169, 177-179]. It 
has been observed that the presence of silicon in aluminum alloys provides a rigid 
surface for which phosphate films can thrive. Tribofilms formed on aluminum silicon 
alloys have been found to be approximately 40 nm to 100 nm in thickness identified by 
cross-sectional focused ion beam (FIB) and transmission electron microscopy (TEM) 
analysis [22, 177]. Under lubricated ultra-mild wear testing it has also been observed 
through TEM analysis that ultra-fine aluminum grains approximately 500 nm are 
developed below the worn surface which are thought to provide a hardened subsurface 
capable of sustaining an oil residue layer nanometers thick [22]. On a similar note with 
respect to hardness, others have identified that aluminum alloys containing low 
concentrations of silicon (i.e. 0.4-0.8 wt. %) with an overall lower hardness develop 
fewer phosphate films as compared to alloys containing higher concentrations of silicon 
(i.e. 5.5-7.0 wt. %) with an overall higher hardness [169]. These bench tests do help 
elucidate the role of antiwear films on aluminum silicon alloys; however, with regards to 
actual engine testing the available literature [16] is scarce suggesting a dire need for a 
link between tribometer bench tests and dynamometer tests. 
2.11.2 Lubricated Al-Si Bench Tests 
In comparison to dry sliding wear the literature revolving around lubricated bench 
testing of Al-Si alloys is far from comprehensive; more so with regards to studies 
focused on the wear of the alloy [21, 23, 104, 126, 143, 158, 180-182] than the formation 
of antiwear films (see §2.11.1.2). Das et al. [180] has extended the work of Riahi et al. 
[20] (see §2.10.1) to lubricated (5W-30 oil) sliding conditions using a pin (52100 steel 
ball)-on disk (Al-10 wt.% Si) tribometer at room temperature, under a range of loads (1-
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20 N), and constant sliding velocity of 1 m/s. Using optical surface profilometry 
(WYKO) they have compared the wear tracks of etched and unetched samples. They 
found that during the early stages of sliding plastic deformation, and not wear, has 
formed permanent depressions in the traversed wear track for both etched and unetched 
samples. However, the sample etched by 10% NaOH with Si particles initially protruding 
2.5 μm from the Al-matrix was found to resist plastic deformation at much greater loads 
as compared to the unetched sample. The improved resistance to plastic deformation was 
explained by contact mechanics which showed that the rough etched surface morphology 
reduced the peak contact pressure, in turn lowering the deformation. More interestingly, 
through Vickers micro-hardness measurements they have determined that etching has a 
surface hardening effect that reduces micro-plastic abrasion. Lastly, they have shown 
through subsurface nano-hardness measurements that the irregular shape of the wear 
groove in the etched sample was caused by the difference in hardness between the bulk 
(lower hardness) and near surface (higher hardness). However, they have suggested that 
as wear progresses the harder sides of the groove will begin to support more of the load, 
and eventually the wear at the bottom part of the groove in the bulk material will slow 
down [180]. 
Walker et al. [158, 182] has studied the lubricated sliding wear of unreinforced 
aluminum alloys (2124 and 5056) and their  reinforced composites with 15 vol.% MoSi2 
using novel techniques such as tilted tomographic surface reconstruction, FIB, and 
scanning transmission electron microscopy (STEM). Sliding tests were carried out on a 
pin-on- (M2 steel) ring configuration, using SAE 15W-50 synthetic oil under boundary 
lubricated conditions; at initial Hertzian contact pressures of 0.75-1.2 GPa and a sliding 
velocity of 0.94 m/s. Sliding tests commenced over distances exceeding 400 km, with 
corresponding specific wear rates ranging from 4.5-12.7×10-10 mm3/Nm. Variation of the 
worn surface heights of 3-4 μm indicated that mild wear took place. Their tests have 
shown that the unreinforced alloys exhibited the highest wear rates due to 2 and 3 body 
abrasives originating from the counterface, which plastically deformed the surface by 
micro-ploughing. The reinforced alloys were shown to improve wear resistance. These 
lower wear rates were achieved by the optimization of the near surface layer. 
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Reinforcement particles which exceeded their fracture toughness produced small 
fractured debris, which was then re-implanted into the ductile matrix via the lubricant. 
The re-implantation of wear debris increased the overall surface hardness, resulting in 
improved wear resistance. Through TEM they have shown that the most striking 
difference between the reinforced and unreinforced alloys was the extent of deformation 
to the aluminum matrix. The unreinforced alloys at the near worn surface contained a 
combination of fine equiaxed sub-grains ~100 nm in size, and large debris particles 
embedded into the surface. This highly deformed layer extended to a depth of ~1 μm, and 
below it contained grains elongated in the direction of sliding. Here, it was suggested that 
wear debris was generated as a result of the material exceeding its ductility limit (i.e. 
rachetting). Conversely, the reinforced alloys did not show evidence of a highly 
deformed layer; instead, the reinforcement particles transferred the load to the underlying 
bulk material. Equiaxed aluminum sub-grains ~330 nm were observed only at the 
extreme worn surface and beneath the load supporting particles. Interestingly, 
reinforcement particles lying far from the surface but, in contact with load supporting 
particles were fractured. Lastly, only the unreinforced 5056 alloy was shown to support a 
thin (~10 nm) boundary lubricant film, which was dominant at the base of craters [158, 
182].  
The boundary lubricated (5W-30 oil), pin (52100 steel)-on-disk, ultra-mild wear 
of, chemically etched, eutectic and hypereutectic Al-Si alloys has been studied by Chen 
et al. [21-23]; using optical profilometry, XPS, FIB, and high resolution transmission 
electron microscopy (HRTEM). It was found that under lubricated ultra-mild wear 
conditions (0.5 N load) for an 18.5 wt% Si aluminum alloy, the wear damage was 
constrained to the top surfaces of chemically exposed silicon particles in the form of 
longitudinal surface scratches. Here, the original silicon and aluminum morphology 
remained unchanged. The maximum contact pressure exerted on the silicon particles was 
calculated to be lower than the aluminum matrix hardness, thus sustaining an unaltered 
morphology. Conversely, the eutectic Al-12 wt% Si alloy containing a softer matrix, 
demonstrated extensive damage which consisted of: silicon particles sinking into the 
aluminum matrix, aluminum pile-up formation, and particle fragmentation corresponding 
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to UMW I; once the aluminum was no longer sheltered by the Si particles a period of 
rapid wear or UMW II set in; lastly, wear rates decreased in UMW III due to the 
development of an amorphous oil residue layer (~150 nm thick) on the contact surface, 
which was supported by an ultra-fine grained subsurface structure. Lastly, the authors 
have suggested that increasing the silicon particle size, lowering the aspect ratio, and 
improving matrix hardness would increase the load carrying capacity of the alloys, and 
hence extend the duration of the ultra-mild regime [21-23]. 
 Timmermans and Froyen [181] have studied the lubricated (15W-50 oil) fretting 
wear behavior of hypereutectic Al-Si alloys produced by powder metallurgy. Fretting 
tests were conducted with a pin (Al-Si)-on-flat (carbonized steel) test rig at 150°C. Using 
SEM the wear process was observed to be divided into an initial run-in period with the 
highest wear rate and a steady state condition with a far lower wear rate. The steady state 
condition and stable coefficient of friction was attributed to the effective action of the oil. 
Here, the authors state that oil constituents combined with rolling debris forms a 
protective layer which maintains low wear rates. In contrast, the unlubricated condition 
exhibited unstable coefficients of friction, which was attributed to the extended plastic 
deformation, adhesion, oxidation, and material transfer [181].  
Similarily, Rainforth et al. [76] has also observed that the extent of material 
transfer and surface roughening in Al-11.7% Si alloys is much greater in dry sliding tests 
as compared to lubricated conditions. They have shown that the lubricated wear of Al-Si 
alloys does not take place by the classical adhesive mechanism dominant in many dry 
sliding tests. However, their subsurface analysis has shown that the development of sub-
grain structures below the wear track in dry (min. sub-grain ~350 nm) and lubricated 
(min. sub-grain ~650 nm) conditions are similar, but are on different scales. Lastly, the 
authors have shown that at the highest loads lubrication became inefficient, resulting in 
wear similar to that of dry sliding but with reduced surface strains and less material 
transfer.  
Wang et al. [104] has conducted hot scuff bench tests of various piston/cylinder 
combinations, which include cylinder bores made from cast iron, Al390, PEAK, and 
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GM396. This piston scuffing bench tester was specifically designed by Ye et al. [112] to 
simulate the contact and lubrication conditions between a piston and cylinder bore of an 
actual engine, with the exception of the combustion process. The hot scuff tests were 
conducted with 5W-30 engine oil at a working oil temperature of 60°C. Their results 
have shown that the coefficient of friction between each skirt/bore combination and 
within each test cycle. Three stages of wear were identified: (i) coefficient of friction 
increases with load as a result of break-in; (ii) steady state; and (iii) a sharp increase in 
the coefficient of friction causing failure/scuffing. Authors have shown with the help of 
optical profilometry that the initial peaks of machining marks become flattened, and the 
actual area of contact increases. At this point, the oil film pressure has increased enough 
to partially support the load, maintaining a mixed lubrication regime which lasts ~6-12 
minutes until break-in is complete. As the normal load and contact temperature increases, 
boundary lubrication sets in and a steady coefficient of friction is maintained; even with 
periodic increases in load. Eventually, with extreme scuffing temperatures (~200-300 °C) 
and/or loads (~1000-1500 N), oil starvation will occur resulting in direct metal-to-metal 
contact; and thus, scuffing/failure transpires. The authors have shown that eutectic 
GM396 exhibits a higher scuffing load and scuffing temperature as compared to PEAK 
and Al390 which both contain higher concentrations of Si. It is suggested that the high 
scuffing resistance observed in GM396 may be attributed to the significant amount of 
intermetallic phases and eutectic Si which provides beneficial tribo-chemical reactions. 
The authors have also shown that the scuffing resistance of GM396 is reduced with 
increased amounts of porosity. In general, they have concluded that piston coatings, 
surface roughness, mechanical and chemical properties of bores, along with their tribo-
chemical reactions initiated during wear are the substantial factors that govern scuffing 
resistance [104]. 
2.11.3 Lubricated Al-Si Engine Tests 
In section 2.11.2 it was established that the lubricated wear of Al-Si alloys was 
dependent upon a number of factors ranging from interfacial temperature to basic 
material properties. Undoubtedly, these bench tests are helpful in elucidating the 
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fundamental wear mechanisms and processes associated with lubricated Al-Si wear. 
However, in many cases the observed mechanisms can only be reproduced with the same 
type of test rig geometry, thus making them somewhat ineffective in terms of real life 
applications. As previously mentioned in §2.11.2, Wang et al. [104] simulated high 
temperature engine scuffing quite reasonably using a real piston sliding against a section 
of a cylinder bore. However, this apparatus cannot perfectly simulate a real engine test; 
mainly because the combustion process, which creates significant temperature and 
pressure fluctuations along with the production of combustion byproducts, is omitted. 
Therefore, only by actual engine testing can the durability and wear resistance of 
linerless Al-Si engines be analyzed with 100% confidence. 
Yu [100] has examined near-eutectic linerless Al-Si engines during the honing 
stage and after engine testing. Microscopic examination of these engines led her to 
identify five different types of cylinder damage corresponding to normal wear, severe 
scratch, comet wear, burnishing wear, and top land wear. Yu [100] has concluded that the 
fracture of hard phases increases the abrasive wear within the engine. 
Legge et al. [183] has performed cold scuff and durability dynamometer tests on 
machined eutectic Al-Si engine bores. They have shown through mechanical testing and 
visual inspection that a microstructure which minimizes the area fraction of primary 
aluminum and primary silicon and also exhibits a Brinell hardness above 120 is required 
for sufficient cold scuff resistance. In the hypereutectic microstructure they have found 
that large primary intermetallics fracture and initiate cracks in the matrix; while primary 
aluminum dendrites provide paths of easy deformation.  
Kurita et al. [17] has examined two hypereutectic Al-20% Si single cylinder 
engine blocks in terms of cylinder temperature, oil consumption, and endurance testing. 
The monolithic (DiASil cylinder) blocks were developed by a vacuum die casting 
process that reduces gas absorption. Authors have shown that the monolithic Al-Si 
engine provided superior cooling performance, 30 K less than cast iron sleeves, as well 
as oil consumption rates that are one half that of cast iron sleeves. These efficient engines 
contained exposed primary Si particles averaging 20 μm in size. The primary Si particles 
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were exposed to a height of 0.5 μm established by honing. After a total of 105 endurance 
testing hours, under EHL conditions, and a controlled oil temperature of 423 K, authors 
have shown through atomic force microscopy (AFM) that the Si exposure decreased to 
0.15 μm within a short time, followed by becoming constant. They have also shown 
through simulations that EHL is generated between 0.15 and 0.3 μm Si exposures. At 
other exposure heights the Si particles will be directly be in contact with the counterface. 
Furthermore, because the initial exposed Si top surface was not flat EHL did not occur 
immediately during the engine tests. From these results the authors have suggested that 
cylinder wear proceeds initially by abrasive wear which decreases the exposure height 
until EHL is establishes a 0.15 μm equilibrium Si exposure; here, the EHL conditions 
terminate excessive wear and thus providing long term engine endurance.  
Dienwiebel et al. [16] has examined the wear behavior of an Al-17%Si-4%Cu-
1%Mg monolithic engine block subjected to ~250 h of dynamometer testing over the full 
load and torque range of the engine, which was lubricated by 5W-30 oil. Using the novel 
radionuclide-technique (RNT), which was first applied to engines by Scherge et al. [149], 
the ultra-low wear rates (< 20 nm/h) of the engine were continuously measured. The 
authors have shown through AFM and white light profilometry that Si grains initially 
protruded ~750 nm from the Al-matrix after chemical etching. In contrast, the worn 
surface showed no Si exposure. Furthermore, no evidence of antiwear pads was observed 
on top of the Si particles. In the worn condition, the Al-matrix had a grainy appearance 
which appeared to contain many small particles and small pits possibly generated by 
particle removal. Chemical comparisons of the worn and unworn surfaces by Auger 
electron spectroscopy (AES) confirmed that no ZDDP antiwear films formed on the Si 
particles. Conversely, the worn aluminum matrix showed significant amounts of foreign 
elements (C, O, P, Ca) detected at depths of almost 6 μm. Authors suggest that the 
chemically modified near-surface matrix originated from plastic deformation combined 
with lubricant and debris mixing. Analysis of the near surface by FIB has shown that the 
surface contains small wear debris, fractured Si particles, and plastically deformed 
aluminum. Lastly, the authors have concluded that Si exposure is important in order to 
initially direct the energy input into the Si grains, protecting the nascent aluminum, until 
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running-in is complete. Additionally, they have stated that since the detected wear rates 
were on the order of several tenths of nanometers per hour, antiwear films could not 
form; thus, suggesting that antiwear films can only form in overstressed tribosystems 
[16]. 
2.12  Summary 
From the previous sections, it is clear that many parameters will determine the 
wear resistance of Al-Si alloys. These parameters namely, composition, processing, and 
microstructure are all interrelated and their combined effects will determine the wear 
performance of Al-Si alloys. The novel Al-Si alloys under study have been tailored to 
make use of all these parameters in order to optimize its wear resistance. In the present 
study we will see that these alloys do contain some minor flaws but, overall its wear 
resistance does appear to be suitable for engine durability applications. The lack of 
literature revolving around linerless Al-Si engine testing is significant, with none related 
to eutectic alloys for automotive engines. Therefore, this study reveals the wear 
mechanisms of novel linerless Al-Si engines by thorough materials characterization 
using an array of surface and subsurface techniques to obtain mechanical, 
microstructural, and chemical results. In addition, cylinder bores with different 
parameters were specifically chosen for comparative purposes elucidating the effects of 
alloying, surface preparation, and temperature on the overall wear progression of 
linerless Al-Si engines. Identifying and understanding wear in linerless Al-Si engines is 
crucial towards the future development of lightweight wear resistant engines which will 
provide a cheap yet robust solution to cast iron liners. 
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3 MATERIALS AND EXPERIMENTAL METHODS 
 
Four different monolithic eutectic Al-Si sand-cast engine bores have been 
thoroughly examined using a variety of materials characterization techniques graphically 
presented in Figure 3-1. These engines vary in alloying elements, surface preparation, 
and dynamometer testing parameters. Henceforth, for ease of comparison these engines 
will be designated by the following sequence and defined below: 
Major alloying element : final surface preparation : dynamometer test 
Ni:MR:HT  = Nickel alloyed : Mechanical reduced : Hot tested 
Cu:MR:HT  = Copper alloyed : Mechanical reduced : Hot tested 
Ni:CE:HT  = Nickel alloyed : chemically etched : Hot tested 
Ni:CE:CS = Nickel alloyed : chemically etched : Cold scuff 
Details regarding alloying, surface preparation, and dynamometer testing specifically for 
these engines is presented in §3.1, §3.3, and §3.2 respectively. 
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Figure 3-1 Flow chart illustrating the methodology used for engine bore characterization. 
3.1 Microstructure and Phase Identification 
3.1.1 Nickel Alloying 
The Al-Si engines primarily alloyed with nickel, designated as Ni:XX:XX, 
contain 12.5 wt.% Si, 1.18 wt.% Ni, 0.9 wt.% Cu, as well as other minor alloying 
elements. The morphology and distribution of eutectic silicon was observed from 
polished cross sections of the cylinder wall within 1.5 cm from the inside bore surface 
beneath ring travel. Cross-sectional samples were prepared using conventional 
metallographic polishing techniques described in §3.5. These cross sections indicate that 
silicon particles exist throughout the microstructure primarily as needle-like particles or 
as dense silicon colonies consisting of fine particles. Some (few) primary silicon particles 
exist throughout the microstructure; they are attributed to segregation and temperature 
fluctuations during casting. The silicon particle aspect ratio (length/width) and average 
length were calculated by quantitative metallographic analysis (thresholding). The 
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average silicon needle aspect ratio (Figure 3-2a) was 19.04 ± 1.07 μm, which 
corresponded to an average needle length of 62.72 ± 3.81 μm obtained from 190 
particles. The average silicon colony aspect ratio (Figure 3-2b) was 3.29 ± 0.22 μm, with 
an average length of 5.87 ± 0.35 μm taken from 98 particles.  Furthermore, the average 
secondary dendrite arm spacing (SDAS) of α-aluminum was found to be 80.93 ± 6.58 
μm averaged from 106 dendrite arm spacings. Brinell hardness testing (see. §3.5 for 
details) provided a bulk hardness value of 96.88 ± 3.92 HB averaged from five 
measurements for the Ni:MR:HT and Ni:CE:HT engine. A Brinell hardness value of 
89.93± 5.16 HB averaged from five measurements was also obtained from the Ni:CE:CS 
engine. Both the Ni:HT and Ni:CS engines contain the same elemental composition; 
therefore, the low hardness value of the Ni:CE:CS engine is likely a result of the varied 
environment and its influence on the casting process (i.e. cooling rates and precipitation 
hardening). 
The bulk microstructure of the alloy is presented in Figure 3-3 and was compared 
to the available literature [184] in order to clearly identify the morphology and 
composition of second phases. The micrograph clearly shows long silicon needles, fine 
dense silicon particles, and various intermetallic phases. Semi-quantitative chemical 
analysis through EDS has shown that many of the intermetallics contain nickel shown in 
Figure 3-4. In addition, large Chinese script α-iron (Al15(Mn,Fe)3Si2) phases are observed 
throughout the microstructure along with small Mg2Si phases. 
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Figure 3-3 Optical micrograph revealing the various phases coexisting within the Al-matrix and 
overall Si microstructure; (polished, unetched). 
 
Figure 3-4 BSE micrograph showing the various phases coexisting within the α-Al matrix confirmed 
by EDS labeled as: 1) Al
15
(Mn,Fe)
3
Si
2
; 2) Al+Ni+ traces of Si; 3) Al
3
Ni; 4) Al+Ni+Cu. 
3.1.2 Copper Alloying 
The Al-Si engine primarily alloyed with copper, designated as Cu:MR:HT, 
contains 11 wt.% Si, 2.5 wt.% Cu, 0.0 wt.% Ni, other minor alloying elements, and the 
remainder being aluminum. Brinell hardness testing (see. §3.5 for details) provided a 
bulk hardness value of 90.89± 2.83 HB averaged from five measurements, which was 
lower than that of Ni:MR:HT and Ni:CE:HT (96.88 ± 3.92 HB). 
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The overall morphology and distribution of eutectic silicon is shown in the 
polished cross sections of the cylinder wall (Figure 3-5, Figure 3-6, and Figure 3-7), 
which were all taken from the bulk microstructure within 1.5 cm from the inside bore 
surface beneath ring travel.  These cross sections indicate that silicon particles exist 
throughout the bulk microstructure primarily as needle-like particles or as dense silicon 
colonies consisting of fine spheroidized particles. A fine silicon microstructure indicates 
areas of fast cooling; compared to the needle-like silicon morphology that had more time 
for growth before reaching solidification. Virtually no primary silicon particles have 
formed. The silicon particle aspect ratio (length/width) and average length were 
calculated by quantitative metallographic analysis. The mean silicon needle aspect ratio 
is 13.42 ± 0.48 μm, which corresponds to an average needle length of 37.27 ± 1.41 μm, 
obtained from 526 particles (see Figure 3-5).  The average silicon colony aspect ratio is 
3.98 ± 0.21 μm, with an average length of 4.41 ± 0.18 μm, taken from 205 particles (see 
Figure 3-6).  Furthermore, the average secondary dendrite arm spacing (SDAS) of α-
aluminum is found to be 53.64 ± 0.53 μm. In comparison, the Ni:MR:HT, Ni:CE:HT, 
Ni:CE:CS bores showed a similar mixed microstructure of Si needles and colonies. 
However, the nickel alloyed engines exhibited a greater silicon needle aspect ratio of 
19.04 ± 1.07 μm, needle length of 62.72 ± 3.81 μm, and a larger SDAS of 80.93 ± 6.58 
μm. In general, Cu:MR:HT contains a finer Si microstructure that exhibits fewer needle-
like silicon particles and more spheroidized silicon colonies as compared to the nickel 
alloyed engines. The difference in silicon morphology is likely due to the differences in 
initial alloy composition.  
The bulk microstructure of the alloy, presented in Figure 3-7a, displays 
intermetallic phases in addition to silicon and α-aluminum patches. Large Chinese script 
α-iron (Al15(Mn,Fe)3Si2) phases [121], are observed throughout. Many copper containing 
phases, each of which has been confirmed by EDS (see Figure 3-7b) are also present. 
The nickel alloyed engines showed similar α-iron phases; however, no CuAl2 phases 
were found, and many of the intermetallics contained traces of nickel. Intermetallics are 
significant as they impart specific alloying characteristics and mechanical properties that 
can enhance or lower wear resistance [2-6].  
 88 
 
 
Figure 3-5 Histogram showing the silicon needle-like particle aspect ratio distribution. Mean aspect 
ratio and mean length are 13.42±0.48 μm and 37.27±1.41 μm respectively and obtained from 526 
particles. 
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Figure 3-6 Histogram showing the spheroidized silicon colony aspect ratio distribution. Mean aspect 
ratio and mean length are 3.98±0.21 μm and 4.41±0.18 μm respectively and obtained from 205 
particles. 
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testing, oil consumption testing, and durability testing all of which stress the engine to 
conditions beyond typical operating conditions, insuring that a robust and highly durable 
engine will be developed. During testing, engine oil temperatures reached values of 
approximately 150 °C while operating under the full speed and torque range of the 
engine. All piston rings were nitrided cast iron with the exception of the top compression 
ring that was diamond-like carbon (DLC) coated. 
3.2.2 Cold Testing 
Cold engine testing of a V8 internal combustion engine was carried out in a 
dynamometer cell, which subjected it to 3 hours of new engine (break-in) cold scuff 
testing. In the cold scuff testing procedure the engine was turned on and off fifty times; 
engine start commenced at an oil temperature of -20 °C and engine shut off took place 
once the oil temperature reached 65 °C. Oil consumption and durability testing was not 
performed thereafter, due to the engine failing to pass the initial scuffing procedure. All 
piston rings were nitrided cast iron with the exception of the top compression ring that 
was DLC treated. 
3.3 Cylinder Surface Finish 
Prior to engine testing cylinder bore surfaces were prepared solely using a 
mechanical reduction process (MR) or by a combination of mechanical reduction 
followed by chemical etching (CE). Both of these processes allow the hard phases to 
stand above the aluminum matrix and minimize contact between the aluminum and the 
counterface (piston rings). Mechanical reduction exposes silicon by means of hard 
diamond particles embedded in a soft polymer matrix that removes only the soft phases. 
Furthermore, it has been suggested that the mechanical reduction process polishes and 
rounds silicon edges, improving their performance if piston rings were to come in contact 
[106]. This process is abrasive in nature and thus, care is taken to insure the least damage 
to the hard phases. The second step, chemical etching further exposes silicon using a 
10% NaOH bath and completely removes any traces of smeared aluminum from the 
mechanical reduction process. A diagram depicting both surface preparations was 
previously presented in §2.7.4.2. 
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3.4 Bore diameter, Sample Sectioning, and Preparation 
Before and after dynamometer testing macroscopic wear data was measured by 
comparing the change in bore diameters. This was accomplished with a digital bore 
gauge, using 3 point measurements, at 6 mm, 98 mm, and 120 mm below the deckface, 
corresponding to the Top Ring Reversal point (TRR), the Bottom Ring Reversal point 
(BRR), and a point below ring travel, respectively. Four measurements were taken 90o 
apart at each of these locations and averaged. 
After engine testing individual engine bores were cut out from the block and a 
single bore whose wear and appearance was identical to the rest of the cylinders was 
chosen for further sectioning. Coupons approximately 1.5 cm × 2.5 cm in size were 
sectioned from various locations along the cylinder with the use of a low speed circular 
diamond saw and/or by a wire electrical discharge machine (EDM) which used de-
ionized water as the dielectric fluid. Sectioning with wire-EDM kept residual stresses to a 
minimum and more importantly insured that any oil deposits formed on the cylinder 
surface during wear were not removed. Every coupon from a sectioned bore was 
carefully cleaned in a hexane bath immediately after cutting and stored in a desiccator. 
The orientation of the coupons with respect to their position in the engine was marked on 
the specimens. 
3.5 Observation of Surfaces and Cross-sections 
Cylinder bore surface topographies were examined using an optical interference 
(white light) surface profilometer (WYKO NT-1100), which aided in the measurement of 
silicon height distribution. Microstructural observations, on and below the cylinder 
surface, was examined by a scanning electron microscope (JEOL 5800) fitted with an 
energy dispersive X-ray spectrometer (EDS).  
Semi-quantitative chemical analysis of the cylinder surface was accomplished by 
X-ray photoelectron spectroscopy (XPS) using a PHI Quantera Scanning X-ray 
Microprobe instrument. This technique operates by irradiating a sample with photons 
that are in the X-ray energy range, specifically mono-energetic X-rays. The photons 
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cause the atoms on the specimen surface to emit photoelectrons due to the direct transfer 
of energy from the photon to the core-level electron. The number of electrons emitted 
from a particular atom is linked to the concentration of the specific atom in the sample. 
Furthermore, the photoelectron energy is associated with the molecular and atomic 
atmosphere from which they originated. Therefore, with the use of an electron energy 
analyzer the binding energy of the photoelectrons, elemental identification, chemical 
state, and quantity can be readily determined [185, 186]. The XPS procedure took place 
with elemental survey scans that were obtained before and after argon ion etching ~10 
nm from the surface (based on the etch rate of SiO2 = 14.3 nm/min). A 200 μm X-ray 
beam was rastered over a 0.5 mm × 0.5 mm area to obtain the elemental results.  
Chemical structure analysis was carried out via Raman spectroscopy using a Dilor 
spectrometer (slit size of 200 μm, hole size of 400 μm, and a moving grating) equipped 
with a Coherent DPSS 532 green laser with an excitation wavelength of 531.114 nm. To 
prevent laser induced phase transformations (laser annealing) of the samples, the laser 
intensity was kept low and Raman spectra were obtained from 32 second intervals.  
Bulk microstructure and phase identification, as well as, hardness profiles of the 
aluminum matrix with respect to the depth beneath the worn and unworn surfaces were 
attained from cross-sectional samples (transverse to the sliding direction) cold mounted 
in Lucite epoxy. These samples were ground with 220, 320, 500, and 800 SiC grit paper, 
followed by polishing with 3 μm and 1 μm diamond paste, and lastly washed in ethanol. 
Prior to cold mounting, some samples were nickel-plated to insure that no edge damage 
would occur during the cross-sectional polishing stages. The electroless nickel plating 
process is an auto-catalytic chemical technique that deposits nickel metal ions in solution 
with the aid of a reducing agent (phosphorous) that reacts with the ions to deposit nickel 
onto a metal surface. To insure that a uniform nickel coating would form even on non-
metal areas (i.e. silicon) the cylinder samples were coated in a thin layer of gold prior to 
the electroless process. The electroless nickel-plating process took place by submerging 
the samples in a acid-nickel bath containing 5 to 7 % phosphorous, at a temperature of 
90.5 °C for 30 minutes. Samples were hung from copper wire (see. Figure 3-8) to the 
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middle of the beaker full with the acid-nickel solution to insure that temperature 
fluctuations at the bottom of the beaker, near the hot plate, would not interfere with the 
plating process which could potentially produce blisters on the nickel plating. Hardness 
measurements were acquired using a nano-indenter (Hysitron TI 900 Triboindenter) 
equipped with a blue diamond three-sided pyramidal probe (Berkovich geometry) with a 
tip radius of ≈ 80 nm. Indents were performed with an applied load of 300 μN, at a 
loading rate of 60 μN/s, and with loading and unloading times of 5 s each. The first 
indent was positioned 1 μm below the cylinder surface followed by subsequent indents 
spaced 1 μm apart until the final indent was performed at a depth of 15 μm beneath the 
cylinder surface. Indents were imaged in-situ using the atomic force microscope (AFM) 
option of the nano-indenter. Lastly, bulk hardness measurements were obtained from 
polished un-mounted cross-sections via Brinell hardness testing using a 10 mm diameter 
tungsten carbide ball, 500 kg load, and a 20 second dwell time. This method of bulk 
hardness testing was chosen as it is the industry standard for accurately providing the 
macro-hardness of a material that is heterogeneous and containing multiple grain 
structures since the indent is the deepest and widest compared to other hardness methods. 
In depth site-specific cross-sectional analysis was accomplished by focused ion 
beam (FIB) techniques using a gallium ion source FIB instrument (LEO/Zeiss 1540XB 
CrossBeam). To prevent gallium atoms from being implanted into the sample, prior to 
sputtering, each chosen area of interest was protected by a deposited layer of platinum 
and/or carbon via a gas injection system. For cross-sectional analysis all ion trenches 
were milled at a tilt angle of 54° with the beam operating at 30 kV. Transmission 
electron microscope (TEM) samples were prepared using the in-situ “lift-out” technique; 
refer to Figure 3-9. Two trenches were milled on either side of the site of interest creating 
a thin plate. A U-shaped cut was made alongside the bottom of the plate followed by 
welding a tungsten needle to the top of the plate. The TEM sample was then detached 
from the bulk sample by completing the U-cut, lifted-out with the tungsten needle, then 
transported and welded to a copper grid where milling took place at a low ion current (40 
pA) to minimize damage. Milling of the plate/membrane took place until electron 
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transparency was attained at a thickness of ≤ 100 nm. Microstructures were examined 
with a JEOL 2010F field emission TEM equipped with EDS and operated at 200 kV.  
 
 
Figure 3-8 Electroless nickel-plating experimental configuration showing gold coated engine bore 
samples hung from Cu wires immersed in solution prior to heating. 
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Figure 3-9 FIB in-situ lift-out TEM sample preparation.  
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4 RESULTS 
 
4.1 Nickel alloyed, Mechanically Reduced, Hot Tested Engine (Ni:MR:HT) 
4.1.1 Visual Inspection and Macroscopic Wear 
The microstructure from two regions of the Ni:MR:HT bore was studied (Figure 
4-1). These areas were i) normal wear region and ii) unworn region. The normal wear 
region, which represents most of the cylinder surface, extends through most of the zone 
where the rings run, excluding the ring reversal areas. This area is believed to operate 
under mixed or hydrodynamic lubrication conditions [187]. The second zone of interest, 
the unworn area, represents the as-prepared topography that has not been subjected to 
sliding contact. This area is found at the bottom of the bore, below the ring travel, on the 
front and back of the cylinder, where clearance for the piston pin is cut in the piston skirt. 
Comparison of these regions is important for understanding the evolution of the surface. 
The major face is shown in Figure 4-1, containing the various regions.   
As previously mentioned, a single bore was used for the microstructural work 
presented; the wear and appearance of this bore was similar to the rest of the cylinders.  
Visual inspection of the unworn region showed a smooth metallic appearance, whereas 
the normal wear region had a soft grey matted texture with very few surface scratches. 
These scratches (ring marks) are visible on the major and minor sides of the cylinder. It 
is important to note that no distinguishable surface characteristics were observed between 
the major and minor faces, nor were there any forms of severe wear (scuffing, ploughing) 
present on the bore. Macroscopic wear results are presented in Table 4-I.  The average 
bore growth was worst at TRR, but was only 6.4 μm. For an aluminum engine bore the 
amount of wear is remarkably low considering the harsh testing conditions. 
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Figure 4-1 Engine bore highlighting ring reversal marks (TRR and BRR) at top dead center and 
bottom dead center, in addition to the normal wear region, and area of no ring travel.  
Table 4-I Ni:MR:HT macroscopic bore wear 
 Initial Bore Diameter 
Average Bore ∆ at 
TRR 
Average Bore ∆ at 
BRR 
Characterized bore 99.009 mm 1.27 μm 3.81 μm 
Average of bores 99.009 mm 6.4 μm 4.1 μm 
 
4.1.2 Unworn Region 
Analysis of the unworn surface indicates that the surface preparation used on this 
engine did expose hard phases.  Figure 4-2(a) is a 3D WYKO image of the unworn 
surface, which shows silicon particles standing proud from the aluminum matrix and 
hone marks. An analysis of the profilometery data found the average surface roughness 
to be 0.118 μm. Figure 4-2(b) is the typical histogram height distribution of the unworn 
surface; it shows what appears to be a single asymmetric peak. Fitting the peak to 
Gaussian line shapes reveals that there are two dominant features in the data separated by 
approximately 0.2 μm. The peak associated with the silicon particles standing above the 
nominal surface, consistent with Figure 4-2(a), shows that there is variation in the silicon 
particle exposure (Rf). 
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A secondary electron micrograph taken from the unworn surface, Figure 4-3, 
shows fractured silicon particles and hone marks on the aluminum matrix. There was no 
shear of the matrix in any of the surface or subsurface investigations; instead, damage 
was localized to the hard phases. Damage to silicon particles was restricted to the near 
surface, since fracture of the silicon particles was not observed throughout the particle in 
subsurface sections.  Needle-like silicon particles were observed to fracture more readily 
when compared to the silicon colonies; damage is prominent along the particle edges.  
Similarly, the iron phase shown in Figure 4-3 is severely damaged; however, almost no 
damage is observed for the more ductile nickel phase. Additional SEM observations of 
the unworn surface show scratches perpendicular to the piston sliding direction, even on 
some of the primary silicon particles. These primary silicon particles are also fractured 
along their edges. The silicon particles on the unworn surfaces must have been fractured 
by the bore preparation, since this area was not subjected to sliding contact. 
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Figure 4-2 (a) WYKO image of unworn region, showing Si particles (red) and particle pull out 
(blue); (b) corresponding histogram showing the overall height distribution.  
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Figure 4-3 SEM micrograph of the unworn region showing hone marks on the Al-matrix, Si 
particles, fractured iron phases and smooth Al-Ni phase; (60° tilt). 
4.1.3 Worn Region 
A three-dimensional WYKO image from the worn surface, shown in Figure 
4-4(a), is presented for comparison with the unworn region, Figure 4-2(a). The average 
surface roughness is ~ 0.406 μm, which is approximately 5 times the roughness of the 
unworn surface. Figure 4-4(b) is the corresponding histogram height distribution. The 
exposure height of the silicon particles is difficult to resolve, given the increased 
roughness of the matrix, but estimates based on high magnification optical profilometer 
images suggest that the exposure is actually greater (~0.6 μm) than on the as-prepared 
surface (0.2 μm).   
Another WYKO image presented in Figure 4-5, depicts an aluminum-nickel 
phase that is severely scratched parallel to the ring motion direction; many of these 
intermetallic phases are fractured. The aluminum-nickel phase (confirmed by EDS) 
contains surface scratches as deep as 0.70 μm; in contrast to the smooth silicon particles 
with minute scratches averaging only 0.03 μm in depth. These scratches imply that the 
surface texture is a result of the sliding motion of the rings.  
The SEM image of Figure 4-6 was taken at a tilt angle of 60 degrees. This figure 
shows silicon particles that protrude from the surface. Most of the exposed silicon on the 
worn surface actually appears better than in the as-prepared surface. Silicon surfaces 
appear smoother, with no evidence of any hone marks, and the edges are rounder, with 
 102 
 
significantly less fracture. The rest of the surface exhibits a high roughness with a mixed 
granular texture.  The change in appearance of the “matrix” between Figure 4-3 and 
Figure 4-6 is the most dramatic element.   
EDS analysis shows that the matrix regions of Figure 4-6 are a mixture of Al, Si, 
C, O, and Ca, whereas a similar analysis from the unworn area shows only aluminum.  
EDS is at best semi-quantitative, but the reduction in the aluminum signal at the expense 
of the growth of the other species is consistent with evolution of worn surface.  The tilt 
angle clearly shows that the matrix contains fine particles of varying shape.  In addition, 
the matrix displays fine scratches parallel to the sliding direction. The micrograph also 
shows calcium deposits embedded into the matrix.  
Semi-quantitative chemical results of the worn surface were also obtained via X-
ray photoemission spectroscopy (XPS).  XPS elemental scans over a 0.5 mm x 0.5 mm 
area were obtained before and after 0.5 min of Ar-ion etching, which removed ~10 nm 
from the surface.  Results summarized in Table 4-II, indicate that small amounts of Zn, 
S, Ca, and P (oil additive elements) were present on the worn surface.  However, after 
Ar-ion etching these elements were quickly removed, with the exception of Ca, 
suggesting that the antiwear film was thin.  A review of the lubrication of metallic 
surfaces demonstrated similar results, wherein wear was primarily governed by the shear 
strength of the alloy which limited the effectiveness of the antiwear additives and film 
formation [165]. 
Table 4-II XPS semiquantitative elemental composition of the Ni:MR:HT worn surface, atomic %, 
except H 
 C O Al Si Ni Ca N Mg Zn S P Other 
Surface 48 35 6 5 - 0.7 2.4 - 0.2 0.4 0.5 Na, Cl, K 
0.5 min 
etching  
16 41 27 4 1.1 1.2 1.2 6 - - - Cu, Na, Cl, K 
The backscattered SEM micrograph in Figure 4-7(a) displays the area of interest 
used for the FIB trench in Figure 4-7(b).  This area contains deposits that resemble a 
spongy texture, a nickel phase, and a silicon particle.  The FIB trench highlights the 
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cross-sectional view of each of these features.  The oil deposits are porous, and are 
located in crevices on the aluminum surface.  EDS analysis of the spongy deposit, shows 
it contains C, P, S, Ca and Zn from the engine oil, as well as, aluminum debris and 
silicon fragments resulting from wear.  It is noteworthy to mention that the nickel phase 
adheres to the aluminum completely.  Furthermore, the nickel/silicon interface contains a 
small void and a hairline crack ending in the nickel phase.  
Another cross-section of the worn surface, shown in Figure 4-8, depicts oil 
deposits, soot, and silicon particles all confirmed by EDS analysis.  The large sharp 
edged silicon particle in the center of the trench exhibits a smooth contact surface with 
fine scratches parallel to sliding direction.  This silicon particle exhibits no bonding to 
the aluminum, unlike silicon particles observed in other FIB cross-sections.  It is likely 
that this silicon particle originated elsewhere, and is a fragment of a larger fractured 
particle.  The important points regarding this particle are that when selected for FIB 
milling, there was no evidence that the particle was not fully bound to the surface and 
that the adhesion is strong enough that it remained part of the surface, even after some 
amount of firing cycles, and cleaning and sectioning for these tests.  The aluminum 
matrix under the larger silicon particle shows evidence of plastic deformation. 
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Figure 4-4 (a) WYKO image of normal wear region, showing Si particles and intermetallics (red), 
fine scratches parallel to sliding, and a few pores/cavities (blue) on the surface; (b) corresponding 
histogram showing the overall height distribution. 
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between the major and minor faces, nor were there any severe scuff marks present on the 
bore (see Figure 4-9). 
A single bore representative of the rest of the cylinders was used for the 
microstructural work presented. Macroscopic wear results of this bore and the engine 
average are presented in Table 4-III.  The bore growth was worst at TRR, but was only 
5.1 μm and comparable to Ni:MR:HT which was 6.4 μm.  Again, for an aluminum 
engine bore the amount of wear is remarkably low considering the harsh testing 
conditions. 
 
Figure 4-9 Engine bore highlighting ring reversal marks at top dead center (TDC) and bottom dead 
center (BDC), and area of no ring travel from the major thrust face. 
Table 4-III Cu:MR:HT macroscopic bore wear 
 Initial Bore 
Diameter Average Bore ∆ at TRR Average Bore ∆ at BRR 
Characterized 
bore 99.0117 mm 5.1 μm 2.6 μm 
Average of bores 99.0159 mm 1.2 μm 3.4 μm 
 
4.2.2 Unworn Region 
Analysis of the unworn surface indicates that the surface preparation used on 
Cu:MR:HT did expose hard phases but not to the extent expected. A 3D profilometry 
image (Figure 4-10) of the unworn surface shows silicon particles standing proud from 
the aluminum matrix and fine hone marks.  Analysis of the profilometery data 
determined the average surface roughness (Ra) to be 0.093 μm; which is comparable to 
Ni:MR:HT (Ra ≈ 0.118 μm). The corresponding histogram height distribution is 
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presented in Figure 4-11; it shows a single asymmetric peak. By fitting the peak to two 
Gaussian line shapes, the exposure height of the silicon (Rf) is determined to be 0.32 μm. 
This value is lower than the prescribed 0.6 μm exposure recommended by PEAK [28]; 
but it is comparable to bore Ni:MR:HT (Rf ≈ 0.2 μm). 
A secondary electron micrograph taken from the unworn surface, Figure 4-12, 
shows exposed silicon particles on the aluminum matrix. The relatively small, spherical 
silicon particles do not appear to be heavily damaged. However, many of them display 
evidence of fracture and voids around their edges near the surface, likely caused by 
mechanical stripping. Cross-sectional FIB micrographs shown in Figure 4-13, further 
illustrates these small fractures and shows possible decohesion from the matrix below 
some silicon particles. These silicon particles show no evidence of their remaining 
fractured chips; instead, the fractured chips are removed during the mechanical stripping 
and cleaning process of the bore, leaving empty voids at silicon/aluminum interfaces. 
The greatest degree of void formation was confined to the larger hard phases. Figure 
4-12 shows the extent of void formation at the interfaces of larger silicon particles. Softer 
phases, shown in Figure 4-14, are not fractured; instead, they are removed during the 
mechanical stripping process along with the aluminum and thus have no height exposure 
or damage accumulation. Comparatively similar results from the Ni:MR:HT bore (see 
Figure 4-3) show that larger silicon particles, particularly with needle-like morphologies, 
frequently exhibit a greater degree of interfacial void formation during surface 
preparation, as compared to the smaller spherical silicon particles. For both bores, large 
iron containing phases were prone to fracture and phases containing soft constituents 
appeared to be at the same exposure level as the matrix with little or no interfacial void 
formation. Figure 4-15 from Cu:MR:HT shows the subsurface fracture of these iron 
phases, along with a silicon particle that shows no evidence of fracture or decohesion. No 
extensive damage to the aluminum matrix was observed in any surface or subsurface 
investigations; even in areas where large patches (40 μm in diameter) of α-aluminum 
have formed.  
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A chemical summary of the unworn surface is displayed in Figure 4-16. The EDS 
map shows silicon particles, intermetallics, and aluminum patches. The corresponding 
EDS spectrum and semi-quantitative data (Figure 4-16c) suggests a high silicon 
concentration, approximately 14 wt.%, likely due to the location of the scanned area 
situated over dense silicon colonies. Overall, the semi-quantitative results agree with the 
suggested alloy composition. 
 
Figure 4-10 WYKO 3D profile of unworn region, showing exposed particles (red) and matrix 
(green). 
 
Figure 4-11 Histogram showing the overall Si height distribution of the unworn surface. 
 112 
 
 
 
 
 
Figure 4-12 SEM micrograph of the unworn region showing hone marks on the Al-matrix, voids at the interfaces of Si particles, and intermetallics 
(1000x, 50° tilt).
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Figure 4-13 a) Unworn area chosen for FIB milling boxed in red; b) SEM observation of the 
corresponding FIB cross-section showing fracture voids around small Si particles at the surface and 
evidence of particle decohesion; (tilt 54°). 
(b) 
(a) 
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Figure 4-14 SE (top) and BS (bottom) micrographs of the unworn region including an EDS spectrum 
of the area boxed in red; showing soft phases (white) that appear to be level with the matrix (900x). 
Soft phase
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Figure 4-15 a) Unworn area chosen for FIB milling boxed in red; b) SEM observation of a FIB cross-
section showing a fractured iron phase next to a fully adhered Si particle; (tilt 54°). 
(b) 
(a) 
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Figure 4-16 a) BSE micrograph of the unworn surface; b) corresponding EDS map showing 
intermetallic elements; c) corresponding EDS spectrum and semi-quantitative data of the entire 
mapped area; (0° tilt). 
(a)  (b)
(c) 
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4.2.3 Worn Region 
The topography of the worn surface from Cu:MR:HT is shown in Figure 4-17 
which can be directly compared to that of the unworn surface in Figure 4-10. The 
average surface roughness Ra ≈ 0.373 μm, which is comparable to Ni:MR:HT (Ra ≈ 
0.406 μm), is over 2.5 times that of the unworn surface which is an indication that 
significant surface changes took place during engine testing. The corresponding 
histogram height distribution shown in Figure 4-18 is much different from that of the 
unworn surface. The increased roughness of the matrix makes it difficult to resolve the 
silicon exposure of the worn surface. Nevertheless, high magnification optical 
profilometer images, Figure 4-19, suggest that the exposure is approximately 0.4 μm. 
This exposure is greater than the as-prepared surface. A similar result was also shown in 
the Ni:MR:HT bore, where the silicon exposure increased from approximately 0.2 μm to 
0.6 μm after engine testing. 
The most distinctive characteristic between the worn and unworn regions is the 
change in matrix morphology. All evidences of hone marks are removed and the matrix 
is replaced with a much rougher texture. Large smooth patches of α-aluminum observed 
on the unworn surface are now rougher in texture and are instead, scattered with oil 
deposits and small particles. Direct SEM comparisons of the matrix in Figure 4-20 
clearly shows a resemblance to that of Ni:MR:HT in Figure 4-6. The high magnification 
SEM images of both bores have shown that the matrix is comprised of fine fractured 
particles of varying size, grooves parallel to sliding, and oil deposits. These particles 
reside in a tribolayer; they remain tightly bound to the surface and were not removed in 
any of the cleaning steps associated with sample preparation.  
Compared to the unworn secondary electron micrograph of Figure 4-12, the 
silicon particles in Figure 4-20 appear to be exposed to a greater extent, supporting the 
profilometry data. Figure 4-20 shows that the larger silicon particles are fractured and 
they contain small surface scratches parallel to sliding, suggesting contact with the 
counterface. The small spheroidized silicon particles are difficult to resolve with the 
magnification in Figure 4-20, as they blend in with the surrounding topography. The 
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same silicon surface characteristics were observed in Ni:MR:HT. High magnification 
FIB cross-sectional images are presented next to investigate these smaller particles. 
FIB techniques, described in §3.5, were used to mill micron scale trenches into 
the worn surface in order to attain cross-sectional subsurface micrographs of large silicon 
particles, small spherical silicon particles, and the underlying aluminum matrix. The area 
of interest used for FIB milling of a large, fractured, and damaged silicon particle is 
shown in Figure 4-21(a). This particle was chosen for subsurface analysis because it 
represents some of the higher degrees of surface damage observed on silicon particles. 
The evolved matrix around the particle does not show any evidence of severe wear or 
any nascent aluminum patches; furthermore, it appears that silicon particles are still 
protruding from the matrix and their contact surfaces are smooth with scratches parallel 
to sliding. The cross-sectional view of this particle is presented in Figure 4-21(b). In this 
image the large silicon particle, although fractured, exhibits full adhesion to the 
aluminum matrix below it. Combustion byproducts, such as carbon, are observed to 
reside in crevices between the fractured particles, as confirmed by EDS. The tooth-
shaped silicon particle, which exhibits almost no bonding to the aluminum, is magnified 
in Figure 4-21(c). Small precipitates likely belonging to the θ family are indicated by the 
white arrows in the aluminum matrix. These uniformly dispersed precipitates strengthen 
and increase the hardness of the aluminum matrix and are a product of phase 
transformations induced by heat treatment [188-190]. In fact, studies have shown that 
aluminum alloys containing high amounts of copper (i.e. 3 wt. %) exhibit an increase in 
hardness and strength when compared to alloys with low amounts of copper [191, 192]. 
Some of the precipitates appear to be larger than 100 nm in length. This is consistent 
with the T7, overaged heat treatment. This condition is known to produce incoherent 
precipitates that do not effectively block dislocations, i.e., reduced hardness, but good 
dimensional stability. 
Another FIB trench shown in Figure 4-22 displays a cross-sectional view of small 
spherical silicon particles. Each of these particles has a smooth flattened contact surface 
with fine scratches parallel to sliding. More importantly, these silicon particles are 
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protruding from the matrix as indicated by the dashed line. The far-left and far-right 
silicon particles both show different degrees of interfacial decohesion. The far-right 
particle shows almost no bonding to aluminum, and plastic deformation of the matrix is 
seen at the interface. It is possible that this particle originated elsewhere, or was a 
fragment of a larger particle. Conversely, the far-left particle only shows signs of 
decohesion closer to the contact surface; the lower portion of the particle appears to be 
fully adhered to the matrix. Although these particles are not fully bound to the surface, 
they still remain attached, even after the engine test and after subsequent sample 
cleaning. These results suggest that silicon particles are in contact with the counterface 
and most likely act as the primary, but not sole, contact points. In addition, these silicon 
particles do not show any signs of voids or damage near their edges previously observed 
on the virgin surface Figure 4-13, suggesting that these silicon particles were exposed 
during the engine test and that the wear process is less abrasive than the surface 
preparation. Overall, FIB cross-sectional analysis of Ni:MR:HT showed the same 
subsurface features, wherein larger silicon particles were fractured and typically showed 
little or no evidence of interfacial decohesion and smaller spherical particles exhibited 
cohesion and decohesion. All silicon particles showed evidence of contact with the 
counterface in the form of flattened surfaces with minute scratches parallel to sliding. 
The subsurface aluminum matrix was identical, showing no evidence of excessive wear 
and protected by a tribolayer comprised of small particles and oil deposits.  
Semi-quantitative chemical results of the worn surface were obtained via XPS. 
XPS elemental scans over a 0.5 mm x 0.5 mm area were obtained before and after 0.5 
min of Ar-ion etching, which removed ~10 nm from the surface. The results, summarized 
in Table 4-IV, indicate that small amounts of Zn, S, Ca, and P (oil additive elements) 
were present on the worn surface. After Ar-ion etching, these elements, with the 
exception of Ca, were quickly removed, showing that the antiwear film was thin. XPS 
etching results of Ni:MR:HT showed similar trends, wherein higher degrees of silicon 
and lower amounts of Al, Ca, and O were detected on the surface compared to after 
etching. A review of the lubrication of metallic surfaces demonstrated similar results, 
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wherein wear was primarily governed by the shear strength of the alloy which limited the 
effectiveness of the antiwear additives and film formation [165]. 
Table 4-IV XPS semiquantitative elemental composition of the Cu:MR:HT worn surface, atomic %, 
except H 
 C O Al Si Ni Ca N Mg Zn S P Other Trace 
Surface 54 32 6 2.8 - 1.0 1.8 - 0.2 0.7 0.7 Na, Cl, K 
0.5 min 
etching  
24 38 25 2.7 - 2.4 1.2 5 - - - Cu, Na, Cl, K 
Qualitative chemical observations of second phases and oil deposits were carried 
out using EDS. These results can also be used to point out the wear mechanisms involved 
during the engine operation. EDS analysis of spherical oil deposits shown in Figure 
4-23(a), indicates that they are comprised of a mixture of oil additives (Zn, Ca, P), 
combustion byproducts (C, O, S), and wear debris (Al, Fe, Si). Many of the oil deposits 
appear to have an amorphous texture (Figure 4-23(b)).  
A secondary electron micrograph along with the corresponding back-scattered 
image from various phases confirmed by EDS is presented in Figure 4-24. Compositional 
and microstructural studies [4, 6, 19, 184], suggest that the phases in Figure 4-24 are 
most likely Al15(FeMn)3Si2, Al2Cu, and Al5Mg8Si6Cu2. Phases containing softer 
constituents generally show a greater degree of wear as compared to harder phases. This 
is indeed the situation, where phases containing large amounts of copper appear to be 
worn to a greater extent than the other phases; they are fractured and scratched. The 
phase containing magnesium is damaged and even appears to be at a lower elevation that 
the surrounding matrix. In contrast, brittle phases containing iron are fractured but 
exhibit far fewer scratches compared to the softer phases. The same applies to silicon, 
wherein its surface is smoother in comparison to all other phases. Engine Ni:MR:HT also 
showed similar characteristics where phases containing Ni, Cu, and Al exhibited greater 
degrees of surface damage compared to the harder phases, primarily in the form of deep 
surface scratches parallel to sliding.  
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Figure 4-18 Histogram showing the typical height distribution of the worn surface. 
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Figure 4-19 a) cross-sectional height distribution of section A-A’; b) corresponding WYKO 3D 
profile of Si needle of the worn region; and c) corresponding SEM micrograph with WYKO region 
boxed in red and phases identified by EDS (1000x). 
(c) 
  
 
 
Figure 4-20 SEM micrograph of the worn surface illustrating fine scra
124 
tches parallel to sliding on exposed Si particles; (1500x, 60° tilt). 
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Figure 4-21 a) Worn area for FIB analysis; b) FIB trench of fractured Si particle; c) Magnified 
region of Si particle that exhibits decohesion; precipitates are denoted by the white arrows.
S.D.
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Figure 4-25 a) BSE micrograph of the worn surface; b) corresponding EDS map showing 
intermetallic elements; c) and d) are EDS maps showing oil and combustion byproducts embedded 
in the tribolayer; e) corresponding EDS spectrum and semi-quantitative data of the entire mapped 
area; (0° tilt). 
(( a))    (( b))  
(( cc ))    (( d))  
(e) 
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4.3 Nickel Alloyed, Chemically Etched, Hot Tested Engine (Ni:CE:HT) 
4.3.1 Visual Inspection 
After dynamometer testing visual inspection of the Ni:CE:HT engine indicated no 
evidence of severe wear (scuffing, ploughing). The unworn region is visually described 
to be grey and non-lustrous, resulting from the chemical etchant. In contrast, the worn 
area consisted of a darker grey matted texture containing several pores and few scratches. 
More importantly, no distinguishable surface characteristics were observed between the 
major and minor faces, nor were there any severe scuff marks present on the bore. The 
major face and front face containing the various regions is shown in Figure 4-26. To the 
naked eye the Ni:MR:HT bore has shown slight indications of ring marks parallel to 
sliding; however, the Ni:CE:HT bore is completely free from longitudinal marks. To the 
touch both the worn surfaces of both the Ni:CE:HT and Ni:MR:HT bores felt smooth in 
the longitudinal and radial directions.  
Similar to previously examined engines, a single bore was used for the 
microstructural work presented. The wear and appearance of this bore was similar to the 
rest of the cylinders with the same surface preparation. Macroscopic wear results are 
presented in Table 4-V. The average bore growth was worst at BRR, but was only 5.5 
μm.  Again, it is important to note that for an aluminum engine bore the amount of wear 
is remarkably low considering the harsh testing conditions. 
Table 4-V Ni:CE:HT macroscopic bore wear 
 Initial Bore 
Diameter Average Bore ∆ at TRR Average Bore ∆ at BRR 
Characterized bore 99.0 mm 1.2 μm 3.8 μm 
Average of bores 99.0 mm 5.2 μm 5.5 μm 
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Figure 4-26 Engine bore, highlighting ring reversal marks at top dead center (TDC) and bottom 
dead center (BDC), and areas of no ring travel of both the front face (a) and major face (b). 
4.3.2 Unworn Region 
In order to minimize direct metal-to-metal contact between the piston rings and 
the aluminum matrix, cylinder surfaces were prepared by honing followed by chemical 
etching. Surface profilometry as well as site-specific cross-sectional analysis before and 
after etching has been performed. The profilometry data obtained from the unworn 
cylinder indicates that the mechanical surface preparation was successful at exposing 
hard phases from the aluminum matrix. However, localized damage to the harder phases 
was apparent and resulted from mechanical reduction. Surface profilometry scans after 
mechanical reduction (Figure 4-2 and Figure 4-27(a)) indicates that silicon particles are 
exposed from the aluminum matrix only ~0.2 μm. The SEM micrograph in Figure 
4-27(b) shows hone marks on the aluminum matrix and the same cross-sectional line A-
A′ outlining the site of interest for FIB milling shown in Figure 4-27(c). The FIB trench 
  ring motion 
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indicates that even small silicon particles exhibit minute silicon fragments near their 
edges. Particles at depths > 2 μm show no evidence of fracture. For in depth subsurface 
investigations the same cross-section A-A′ was removed from the FIB trench and 
prepared for TEM analysis shown in Figure 4-28. The TEM micrograph in Figure 
4-28(a) clearly shows the structure of fine grains in the aluminum matrix beneath the 
surface. On average these grains were ~ 0.329 μm in size measured from 69 grains and 
extended ~ 0.8 μm in depth from the surface. The SAD pattern of a small spot on this 
layer is shown in Figure 4-28b. An EDS line scan (Figure 4-28(c)) near the circular 
silicon particle confirms that small silicon particles or fragments (< 1 μm) exist near the 
surface. More pronounced evidence of silicon particle fracture is shown in a subset 
(Figure 4-28(e)) of the rectangular silicon particle. Here, fracture completely through the 
particle. The SAD patterns of the silicon particle and the aluminum that has been pushed 
into the crack is shown in Figure 4-28(d) and (f) respectively. In summary, the TEM 
results presented in Figure 4-28 demonstrate that silicon particle fracture is more 
apparent in high aspect ratio morphologies. These observations are in agreement with 
literature [18, 154], wherein particles with low aspect ratios have an increased resistance 
to fracture. It is important to note that when choosing the site for FIB/TEM analysis 
(Figure 4-27(c) and Figure 4-28) we could not identify from the surface (Figure 4-27(a) 
and (b)) if silicon particles were fractured or contained specific aspect ratios. Lastly, no 
severe damage or shearing of the aluminum matrix was observed and damage was 
concentrated along the edges of silicon particles identified as small fragments (Figure 
4-28(c)). 
A typical area of the chemically etched cylinder topography is revealed in Figure 
4-29(a) with an average surface roughness (Ra) of 0.33 μm. The histogram height 
distribution for the chemically etched surface is shown in Figure 4-29(b). Here, the solid 
black curve represents the unfitted data; on this curve the large peak represents the 
aluminum matrix, which is set as the datum point and corresponding height of zero, 
while the smaller less pronounced peak represents silicon particles. The aluminum peak 
and silicon peak both exhibit a significant width, indicating a varied height distribution. 
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By fitting the data to Gaussian line shapes the silicon height/exposure (Rf) with respect to 
the aluminum matrix is determined to be ~1.09 μm measured by the separation between 
the aluminum peak and fitted silicon peak; the fitted data is distinguished in Figure 
4-29(b) by the red dashed curve. Likewise, data below the aluminum matrix has been 
fitted and distinguished by the blue dashed curve. This corresponds to areas on the 
surface where a high dissolution of the matrix took place during etching, thus creating 
cavities/pits which reside ~0.26 μm below the datum (Figure 4-30). By comparing the 
surface topographies between the honing stage (Figure 4-2(a) and Figure 4-27(a)) and 
chemically etched condition (Figure 4-29(a)), and setting silicon surfaces as reference 
points, the amount of aluminum removed during chemical etching is calculated to be ~ 
0.89 μm. Therefore, etching completely removes the fine grained aluminum layer but at 
the same time increasing the silicon exposure. With regards to surface observations it is 
seen that large primary silicon particles contain the greatest degree of surface damage, 
although they are few in number. In the chemically etched state, surface damage to 
primary silicon particles is readily apparent due to the nature of the etching process 
which dissolves any smeared aluminum covering the damage sites created during 
mechanical reduction (Figure 4-30). Lastly, a nano-hardness map presented in Figure 
4-31 illustrates the differences in hardness of the aluminum matrix with respect to the 
depth below the subsurface for both the mechanically reduced and etched conditions. 
Both the etched and mechanically reduced surfaces show a drop in hardness at 
approximately 7 μm beneath the cylinder surface where the unaltered bulk material 
resides. Moreover, at a depth of 2 μm the etched sample shows a substantial increase in 
hardness, complimentary to other literature which suggests that etching causes a surface 
hardening effect [180].  
Similar to the MR stage in Figure 4-27, surface and subsurface analysis was 
carried out after chemical etching using SEM and FIB techniques. Site specific areas 
prior to platinum deposition including their corresponding cross-sectional FIB trenches 
of silicon colonies and needles are shown in Figure 4-32 and Figure 4-33 respectively. 
Overall results suggest that small spherical silicon particles exhibit less surface damage 
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and fracture compared to larger needle-like particles; see Figure 4-32 and Figure 4-33. 
The cross-sectional FIB micrograph in Figure 4-32(b) indicates that some of the small 
silicon particles do not extend deep into the aluminum matrix, suggesting that they could 
be easily susceptible to removal during the initial stages of engine testing. Conversely, 
Figure 4-33 shows that silicon needles that extend deep into the aluminum matrix exhibit 
a greater degree of surface and edge damage compared to the smaller spherical particles. 
Nevertheless, the important point is that no subsurface fracture or decohesion from the 
matrix is observed for the large silicon needle. The same cannot be said for the heavily 
fractured iron phase, confirmed by EDS, located next to the silicon needle. It is 
noteworthy to mention that Figure 4-33(b) shows voids conglomerated around the iron 
phase. This is likely a result of fractured particles that permit the etchant to seep deeper 
causing a higher dissolution of the matrix. 
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Figure 4-27 (a) 3D optical profilometry image of the mechanically reduced unworn surface, A-A′ 
representative line for FIB milling; (b) corresponding SEM image tilted at 54°; (c) corresponding 
FIB trench through Si colonies. 
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Figure 4-28 TEM micrograph (a) with corresponding SAD patterns (b, d, and f) and EDS line scan (c) after mechanical reduction. [See text for 
details.]
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Figure 4-29 (a) 3D optical profilometry image (600 μm × 300 μm, Ra = 332.27 nm) after chemical 
etching showing Si particles protruding from the matrix; (b) typical histogram showing the Si height 
distribution of the etched surface; dotted and dashed lines represent Gaussian curve fitting of the Si 
particles and depressions/cavities respectively. 
(a) 
(b) 
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Figure 4-30 SEM micrograph of the etched surface showing the typical damage to large primary Si 
particles; (0° tilt). 
 
Figure 4-31 Aluminum matrix nano-hardness vs. depth beneath the subsurface; load = 300 μN, 
loading rate = 60 μN/s, loading time = 5 s, unloading time = 5 s. Figure shows the average of four sets 
of data per sample. 
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Figure 4-32 (a) SEM micrograph (tilt 54°) of Si colonies on the etched surface with dashed line 
representing the area for the FIB trench; (b) corresponding FIB cross-sectional view of Si colonies. 
 139 
 
 
Figure 4-33 (a) SEM micrograph (tilt 54°) of damaged Si needle and intermetallic on the etched 
surface with dashed line representing the area for the FIB trench; (b) corresponding FIB cross-
sectional view illustrating subsurface fracture and excessive etching around the intermetallic. 
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4.3.3 Worn Region 
A typical three-dimensional surface profile of the worn surface is presented in 
Figure 4-34 and can be directly compared to Figure 4-29(a) of the unworn surface. The 
worn surface has an average roughness of approximately 0.43 μm. The corresponding 
histogram height distribution of the worn surface (Figure 4-34(b)) contains two distinct 
peaks, one pertaining to the matrix and the other protruding particles. The histogram 
suggests a maximum final silicon exposure height of Rf ≈ 0.6 to 0.70 μm from the 
nominal matrix peak; a significant decrease in Rf of ~0.4 μm compared to the as-prepared 
surface. The typical morphology of the worn surface is shown in Figure 4-35(a), with the 
dotted line representing the cross-section (Figure 4-35(b)) used prior to platinum 
deposition and FIB milling. Here, it is demonstrated that the most distinctive 
characteristic between the worn and unworn regions is the change in matrix morphology. 
Any large patches of α-aluminum previously observed on the unworn surface are now 
indistinguishable. Direct comparisons of the matrix between Figure 4-33(a) and Figure 
4-35(a) clearly indicate that a discontinuous tribolayer is formed during break-in. As seen 
from an overall micrograph of the worn surface (Figure 4-36), the matrix is comprised of 
fractured particles of varying size, micro grooves parallel to sliding, circular micropores, 
and a mixture of mainly Al, Si, C, O, Ca, P, and S confirmed by EDS. Semi-quantitative 
elemental analysis of the worn surface obtained by XPS shows similar results to EDS but 
has also detected other oil elements such as Zn. An XPS spectrum of the worn surface is 
presented in Figure 4-37 and data obtained before and after argon etching is summarized 
in Table 4-VI. The results suggest that oil deposits are abundant on the worn surface and 
thrive even after etching 10 nm below the surface. The hardness of the aluminum matrix 
as a function of depth beneath the worn surface was measured by nano-indentation and 
presented in Figure 4-31 along with the corresponding AFM subset. An increase in 
hardness near the worn surface is observed up to a depth of approximately 5 μm; 
thereafter the hardness drops to steady values associated with the bulk unaltered material. 
This increase in hardness of the aluminum matrix nearing the worn surface suggests that 
the wear process can alter the matrix up to approximately 5 μm in depth; similar trend 
was observed for the Ni:MR:HT bore and also shown in Figure 4-31 for comparative 
purposes. 
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Table 4-VI XPS semi-quantitative elemental composition of the Ni:CE:HT worn surface, atomic %, 
except H 
 C O Al Si Ca N Zn S P Na Other 
Surface 50 33 5 5 1.7 3 0.1 0.7 0.3 1.1 Cl, Mg, F 
~ 10 nm etch 46 33 6 6 1.9 2.8 0.1 0.6 0.7 2.2 Cl, Mg 
Aside from the matrix, qualitative observations of second phases before and after 
engine testing can also be used to elucidate the wear process. Figure 4-36 and Figure 
4-35(a) show intermetallic phases as well as silicon particles confirmed by EDS. The 
brittle iron phase in Figure 4-36 is fractured and damaged extensively compared to the 
silicon particle adjacent to it. In fact, the surfaces of silicon particles appear to be in 
better condition than in the as-prepared surface (Figure 4-30). As seen in Figure 4-36, the 
damage caused by honing to silicon particles is completely removed. Silicon surfaces are 
smooth with minute scratches running parallel to the reciprocating motion of the rings. In 
addition, Figure 4-36 shows deep grooves parallel to sliding on the softer more ductile 
phases.  
Information regarding the chemical structure of Si particles before and after wear 
was obtained by Raman spectroscopy. Raman spectra were obtained from five different 
unworn and worn Si particles. A typical spectra from the worn and unworn states is 
presented in Figure 4-38. By comparing the spectra to literature [193-196] distinct 
Raman bands are identified; indicating that Si-I is present in the unworn state, and after 
wear Si particles are composed of Si-I and Si-XII. 
Another distinctive characteristic between the worn and unworn regions revolves 
around qualitative observations of the small silicon colonies and oil deposits. The small 
spherical silicon particles which were easily observed on the unworn surface are now 
difficult to resolve in the worn state. Therefore, FIB techniques were used in order to 
attain cross-sectional subsurface micrographs of these smaller particles and the 
underlying aluminum matrix. A cross-section of the worn surface is shown in Figure 
4-35(b), which contains a small silicon particle along with various oil deposits whose 
EDS spectrums are shown in Figure 4-35(c). These deposits reside on, and fill in, uneven 
areas of the worn surface, protecting the underlying aluminum. Furthermore, these 
deposits (i.e. EDS spectrum #2 of Figure 4-35(c)) may act as replenishment pathways for 
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sacrificial films [170]. The protruding silicon particle shown in Figure 4-35(b) displays 
no signs of subsurface fracture or decohesion from the underlying aluminum matrix.  
Surface observations indicate that silicon needles are fractured with light 
scratches parallel to sliding. Subsurface observations (Figure 4-39) demonstrate that 
these larger hard phases are more susceptible to subsurface fracture as compared to 
smaller more spherical particles. This micrograph indicates that the fracture of silicon 
needles can occur well below the surface; within a 2 to 6 μm range. Nevertheless, it is 
remarkable that these fractured particles still maintain a significant exposure height (Rf) 
from the matrix after engine testing. More importantly, oil deposits have been observed 
to fill in valleys likely created by particle pull-out that are strikingly similar to Figure 
4-35. It is important to note that when choosing this area for FIB milling the small oil 
deposit blended in with the surroundings and could not be distinguished. 
In conjunction with the FIB trench previously shown in Figure 4-35, TEM 
analysis was performed at the indicated dashed line to better characterize the subsurface 
features. From Figure 4-35(a), the small silicon particle and large oil deposit are 
distinguishable; however, smaller oil deposits near the silicon particle are not. An EDS 
line scan, shown in Figure 4-40, was performed through an oil deposit (oil #1) and 
beneath the silicon particle. Qualitatively, this line scan shows a significant reduction in 
the aluminum signal when passing through the oil deposit. Moreover, a large reduction in 
the aluminum signal complimented by an increase in the Ni and Fe signals took place 
when passing through the dark phase directly beneath the silicon particle. This phase 
containing mostly Ni, Fe, and Al contains a void directly beneath it partially filled in 
with oil deposits. Likewise, these oil deposits are observed beneath the silicon particle 
presented in Figure 4-41 with corresponding SAD and high resolution (HR-TEM) 
subsets shown in Figure 4-41(d) and (e). The HR-TEM micrograph clearly demonstrates 
that nano-scale crystalline aluminum particles and amorphous material coexists beneath 
the silicon particle. The deformed structure also beneath the silicon particle with HR-
TEM and SAD micrographs corresponding to Figure 4-41(b) and (c) respectively has 
also been analyzed. These results only yielded crystalline deformed/compacted 
aluminum structures confirmed by the lattice spacing designated by the white arrows in 
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Figure 4-41(b). It is unknown whether the silicon particle originated from a different 
location or maintained its current position throughout engine testing. Regardless of 
silicon origin it is clear that the particle maintains an exposure height from the matrix, 
and that ultra-fine aluminum grains, including deformed aluminum structures are present 
beneath the silicon particle annotated in Figure 4-41. 
In depth HR-TEM analysis was also performed on the oil deposit (oil #2) to the 
right of the silicon particle as a subset in Figure 4-41(f). Here, it is confirmed that this oil 
deposit is porous ,which is in agreement with previous studies [18]. EDS analysis of oil 
deposit #1 and #2 indicates that they are chemically similar (i.e. Ca, Zn, O, C, and S); 
however, oil deposit #2 appears to be comprised of smaller conglomerated particles 
compared to oil deposit #1. The HR-TEM micrograph (Figure 4-41(f)), has shown that 
oil deposits contain amorphous material combined with nano-scale fragments of silicon 
confirmed by the lattice spacing annotated by the white arrows.  
The TEM analysis of the large oil deposit from Figure 4-35 is presented in Figure 
4-42. This oil deposit previously observed with EDS in Figure 4-35(c), is porous and 
similar in appearance to oil deposit #2 in Figure 4-41. Analysis has shown that the large 
oil deposit, which extends ~ 2 μm in depth from the surface, is comprised of amorphous 
and crystalline material. In the vicinity of this oil deposit cracks and aluminum grain 
detachment are observed. A subset from the oil which has seeped between the detached 
aluminum grain is displayed in Figure 4-42(b), with corresponding SAD pattern shown 
in Figure 4-42(c). The SAD image contains a distinctive ring pattern, indicative of 
amorphous material. Furthermore, evidence of UFG structures is apparent beneath the oil 
deposit, at a depth of ~ 3 μm, and labeled in Figure 4-42(a). It is obvious that a large void 
is present beneath the oil deposit and along the edges; however, nearing the surface the 
void decreases in size and begins to taper-off eventually becoming flush with the matrix. 
Lastly, it is important to emphasize that although there are signs indicating deformation 
to the aluminum matrix, there has been no evidence of excessive wear such as scuffing, 
gross material transfer, delamination, or pitting on this engine bore.  
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In summary, the results previously discussed will be utilized in §5.3 to identify 
the microstructural changes and mechanisms that occurred between the unworn and worn 
surfaces. 
 
Figure 4-34 (a) 3D optical profilometry image (600 μm × 300 μm, Ra = 433.73 nm) of the worn 
surface showing Si which continue to stand proud from the matrix; (b) typical histogram showing 
the Si height distribution of the worn surface. 
(a) 
(b) 
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(b) 
(a) 
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Figure 4-35 (a) SEM micrograph illustrating the texture of the worn surface with small particles 
scattered throughout, smooth exposed Si particles, and oil deposits; (54° tilt).. The dotted and dashed 
lines represent the cross-sections prior to FIB and TEM respectively; (b) corresponding FIB trench; 
(c) corresponding EDS spectra of areas 1, 2, and 3 annotated in (b). 
(c) 
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Figure 4-36 SEM micrograph of the worn surface showing various phases confirmed by EDS. Silicon 
particles are intact and smooth in contrast to softer second phases that are fractured and scratched; 
small particles are circled; (0° tilt). 
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Figure 4-37 XPS wide scan survey spectrum of the Ni:CE:HT worn surface.
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Figure 4-38 Typical Raman spectra obtained from worn (blue) and unworn (red) Si particles of the 
Ni:CE:HT engine bore. 
 
Figure 4-39 Cross-sectional FIB micrograph of the worn surface illustrating subsurface fracture in 
Si needles. 
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Figure 4-40 (a) TEM micrograph from the worn cylinder with corresponding EDS line scan taken 
beneath a Si particle and through oil deposits and intermetallics; (b) and (c) are SAD patterns taken 
from Al and Si respectively. 
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Figure 4-41 TEM micrograph (a), SAD patterns (c and d), and HR-TEM (b, e, and f) from the worn state illustrating ultra-fine grains, 
deformed Al, and amorphous oil deposits. [See text for details.]
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Figure 4-42 (a) Bright field TEM micrograph showing detached Al grains and UFGs below the large 
oil deposit previously shown in Figure 4-35; (b) subset of oil surrounding detached Al grain; (c) 
corresponding SAD pattern of the oil. 
4.4 Nickel Alloyed, Chemically Etched, Cold Scuffed Engine (Ni:CE:CS) 
4.4.1 Visual Inspection 
After dynamometer testing visual inspection of the Ni:CE:CS engine indicated 
that scuffing arose during engine operation. A single bore, representative of the other 
seven cylinder bores, was chosen for in depth examination (Figure 4-43). From visual 
inspection the most dominant feature was the difference in appearance between the major 
and minor faces compared to the front and back faces. Both major and minor faces were 
abundant with non-lustrous ring marks parallel to sliding and smooth to the touch (Figure 
4-43(a)). More severe scuff marks, which were lustrous and metallic in appearance, were 
also found parallel to sliding. Compared to ring marks, scuff marks were not as 
abundant; however, they were larger and, to the touch, deviated from the normal cylinder 
roundness. The front and back faces did show evidence of ring marks but at the center-
line of these faces evidence of wear was virtually indistinguishable from the unworn 
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surface (Figure 4-43(b)). Here, the virgin surface appeared identical to engine Ni:CE:HT 
which is described to be grey and non-lustrous resulting from the chemical etchant, see 
Figure 4-43(b). Lastly, below ring travel in both the major and minor faces no evidence 
of piston skirt contact could be observed (Figure 4-43(a)). 
 
Figure 4-43 Engine bore of the major (a) and front (b) face from Ni:CE:CS highlighting ring marks, 
scuff marks, areas of no ring travel, sites of interest numbered 1 through 5, and sectioned coupon 
areas delineated by the dashed white and black boxes. 
4.4.2 Unworn Region 
Analysis of the unworn surface indicates that the surface preparation used on this 
bore did in fact expose hard phases from the aluminum matrix. However, localized 
damage to the harder phases was apparent and possibly resulted from honing. Surface 
profilometry data indicates that the average surface roughness (Ra) of the unworn surface 
is approximately 0.76 μm. A typical area of the chemically etched cylinder topography is 
 154 
 
revealed in Figure 4-44. The histogram height distribution for the chemically etched 
surface is shown in Figure 4-45. Here, the solid black curve represents the unfitted data; 
on this curve the large peak represents the aluminum matrix, which is set as the datum 
point and corresponding height of zero, while the smaller less pronounced peak 
represents silicon particles. The aluminum peak and silicon peak both exhibit a 
significant width, indicating a varied height distribution. By fitting the data to Gaussian 
line shapes the silicon height/exposure (Rf) with respect to the aluminum matrix is 
determined to be ~1.23 μm measured by the separation between the aluminum peak and 
fitted silicon peak; the fitted data is distinguished in Figure 4-45 by the red dashed curve. 
In the unfitted results (solid black curve) the data below the aluminum matrix elevation 
does not produce a distinct peak; however, a significant amount of data exists below the 
aluminum matrix elevation. Therefore, data below the aluminum matrix has also been 
fitted and distinguished by the blue dashed curve. This corresponds to areas on the 
surface where a high dissolution of the matrix took place during etching, thus creating 
cavities/pits which reside ~1.29 μm below the datum (Figure 4-45). A gold-coated and 
nickel-plated cross-section of the radial bore direction from the unworn surface is 
presented in the optical micrograph of Figure 4-46, which is in agreement with the 
profilometry data showing that Si particles are indeed exposed from the aluminum 
matrix.  
Due to the nature of chemical etching neither traces of smeared aluminum nor 
any severe remnants of honing are seen on the surface of the aluminum-matrix; this is 
shown in Figure 4-47 which is an overall SEM micrograph typical of the unworn surface. 
From Figure 4-47 it is shown that large aluminum patches display signs of small etch 
pits, however a much higher dissolution of the matrix is observed around second phase 
particles which coincides with the surface profilometry observations in Figure 4-44. 
Riahi and Alpas [154] have examined the fracture of silicon particles during the sliding 
contact of Al-Si alloys and have demonstrated that a high dissolution of the matrix 
around silicon particles increases their susceptibility to root fracture by increasing the 
tensile stress developed in a given particle during sliding contact. Therefore, the 
increased dissolution of the matrix around silicon particles observed on the unworn 
surface will most likely lead to premature particle fracture. However, premature silicon 
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particle fracture has already been observed prior to sliding on the unworn surface most 
likely caused by the mechanical honing process; this has also been observed in engines 
Ni:MR:HT, Cu:MR:HT, and Ni:CE:HT. Chemical etching has exposed silicon particles 
to a degree which reveals that root fracture (Figure 4-47) most likely took place during 
honing stages. 
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Figure 4-44 3D optical profilometry image (600 μm × 300 μm) after chemical etching showing Si particles protruding from the matrix (red) and 
cavities/valleys (blue) etched into the matrix. 
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Figure 4-45 Typical histogram showing the Si height distribution of the etched surface; red dotted 
and blue triangle lines represent Gaussian curve fitting of the Si particles and depressions/cavities 
respectively. 
 
Figure 4-46 Gold-coated and nickel-plated polished cross-section of the radial bore direction from 
the unworn region; 1000x. 
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Figure 4-47 SEM micrograph of the etched virgin surface showing a high dissolution of the matrix 
around second phases; (0° tilt). 
 
Figure 4-48 SEM micrograph of the etched virgin surface showing fracture to Si particles; (56° tilt). 
4.4.3 Scuffed Region 
Scuffed areas have been examined from two regions on the normal worn major 
face of the cylinder bore outlined in Figure 4-43 with red and numbered. The average 
surface roughness of the scuffed regions is approximately 0.90 μm. A typical surface 
profilometry image shown in Figure 4-49 indicates that scuffed regions contain deep 
grooves parallel to sliding, large cavities, and flattened areas. A gold-coated and nickel-
plated cross-section of the radial bore direction from the scuffed region is presented in 
the optical micrograph of Figure 4-50, which exemplifies the grooves formed parallel to 
sliding. Similar to the unworn region, the histogram height distribution (Figure 4-51) 
combined with Gaussian peak fitting indicates that the depth of valleys/depressions on 
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the scuffed surface is approximately 0.655 μm. The unfitted data (solid black curve) 
shows a distinctive peak below the aluminum-matrix elevation representative of the 
depressions; here, the distinctive silicon exposure peak is no longer present in the scuffed 
region.  
The first site of interest designated as SOI #1 of the scuffed region in Figure 4-43 
has been thoroughly investigated with a combination of surface profilometry, SEM, and 
EDS. The overall surface profile and corresponding SEM micrographs of SOI #1 are 
presented in Figure 4-52. The original unworn microstructure containing silicon particles 
and second phases is completely indistinguishable in Figure 4-52(b). Here, the scuffed 
surface is flattened containing grooves parallel to sliding as well as spalled patches which 
are better observed under higher magnification shown in the subset Figure 4-52(c). Three 
distinct patches, boxed in red within Figure 4-52(b), appear to be a result of spalling and 
have been analyzed with EDS. The EDS spectrums from all three areas were identical 
(Figure 4-52(d)), all containing a high silicon signal and low aluminum signal. Grooves 
and flattened areas have also been examined with EDS (Figure 4-52(e) and (f) 
respectively) and indicate that grooves contain traces of small silicon fragments while 
flattened areas consist of mainly aluminum.  
A second area of interest within the scuffed region outlined in Figure 4-43 as SOI 
#2 has been examined and presented in Figure 4-53. Even from visual inspection it is 
obvious that this scuff is much larger and more pronounced than the scuff mark 
examined in SOI #1. Surface profilometry (Figure 4-53(a)) indicates that the large 
groove parallel to sliding is approximately 2.7 μm in depth. The corresponding SEM 
micrograph boxed in black dashes of the groove is displayed in Figure 4-53(b).  EDS 
scans boxed in red (Figure 4-53(c)), inside and outside the groove of flattened areas 
indicate that aluminum is the dominant element. Similar to SOI #1, spalled areas shown 
in the magnified subset Figure 4-53(d) along with the corresponding EDS spectrum, 
indicate a high concentration of fragmented silicon beneath the flattened/smeared 
aluminum. Lastly, a high magnification subset of the large groove presented in Figure 
4-53(e) clearly shows the onset of aluminum spalling as well as the formation of smaller 
grooves parallel to sliding residing within the large groove. 
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Figure 4-49 3D optical profilometry image (600 μm × 300 μm) typical of the scuffed region 
containing deep grooves parallel to sliding, large cavities, and flattened areas. 
 
Figure 4-50 Gold-coated and nickel-plated polished cross-section of the radial bore direction from 
the scuffed region showing grooves formed parallel to the reciprocating motion of the rings which 
into the page; 1000x. 
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Figure 4-51 Typical histogram height distribution of the scuffed region; the blue triangle line 
represents Gaussian curve fitting of the grooves and depressions/cavities. 
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Figure 4-52 (a) 3D optical profilometry image of SOI #1 of the scuffed region; (b) corresponding 
SEM micrograph; (c) magnified subset of (b) (blue dashed box) from spalled patch revealing 
fragmented Si beneath the deformed Al; (d) corresponding EDS spectrums of spalled areas boxed in 
red from (b); (e) and (f) are EDS spectrums taken outside and inside a groove parallel to sliding; all 
micrographs are 0° tilt.
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Figure 4-53 (a) 3D optical profilometry image of SOI #2 of the scuffed region; (b) corresponding 
SEM micrograph, 56° tilt; (c) corresponding EDS spectrums of flattened areas boxed in red from 
(b); (d) yellow boxed magnified subset and EDS spectrum of (b) from spalled patch revealing 
underlying Si fragments; (e) magnified area from (b) showing the onset of spalling. 
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4.4.4 Ring Mark Region 
The ring mark region has been examined from two areas on the normal worn 
major face of the cylinder bore outlined in Figure 4-43 with blue and numbered. The 
average surface roughness of the ring mark region is approximately 0.39 μm. A typical 
surface profilometry image shown in Figure 4-54 indicates that the ring mark region 
contains grooves parallel to sliding, large cavities, and flattened areas. However, unlike 
the scuffed region the grooves observed in the ring mark region are not as large. A gold-
coated and nickel-plated cross-section of the radial bore direction from the ring mark 
region is presented in Figure 4-55 for comparison to the scuffed region (Figure 4-50), 
which indicates that the grooves from the ring mark region are indeed smaller; such that 
they cannot be resolved in Figure 4-55 clearly with optical microscopy. On the other 
hand, the histogram height distribution (Figure 4-56) does not show any distinct silicon 
exposure peak. In fact, the histogram shows evidence that more cavities/depressions are 
emerging as more data is slightly shifted to the left of the main peak. Much like the 
scuffed region, the ring mark region also shows no signs of the original silicon 
microstructure.  
The SEM micrograph, corresponding surface profile, and EDS spectrums are 
presented in Figure 4-57 from SOI #3 of the ring mark region which shows that the worn 
surface is flattened some areas but at the same time the containing fragmented silicon 
particles that are not completely covered by aluminum. The WYKO profile (Figure 
4-57(a)) indicates that grooves and cavities are beginning to form on the surface but not 
to the same extent as the scuffed surface. It is important to note that during observation 
of the ring mark region no large silicon particles were observed (i.e. primary and needle-
like silicon); instead the only observable silicon particles were those that were fractured 
or were initially too small to initiate fracture. Although the EDS spectrums at best are 
considered semi-quantitative their results presented in Figure 4-57(c) suggests that 
flattened/smeared areas (red-boxed area #1) often display a decreased silicon signal, with 
an increase in oxygen and aluminum compared to area #2. 
The second area of interest within the ring mark region designated as SOI #4 in 
Figure 4-43 lies near the large scuff mark and could be considered an intermediate zone 
with characteristics between that of the scuffed region and ring mark regions. The surface 
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profile, along with corresponding SEM micrograph outlined by the white dashes, and 
EDS spectrum is presented in Figure 4-58. The 2d surface profile (Figure 4-58(b)) of line 
A-A′ shown in Figure 4-58(a) indicates that deep cavities have formed on the surface but 
at the same time the surrounding surface is relatively flattened containing grooves 
parallel to sliding. Observations of the tilted SEM micrograph (Figure 4-58(c)) shows 
evidence of a large light colored second phase near the large cavity. Further inspection 
with EDS (Figure 4-58(d)) revealed that the large intermetallic phase contained nickel 
similarly found in engines Ni:MR:HT and Ni:CE:HT. It is possible that the cavity 
formed from the fracture and removal of the large intermetallic during wear, by macro-
porosity forming near the intermetallic during casting, or was a result of spalling and 
deformation of the matrix. 
 
Figure 4-54 3D optical profilometry image (600 μm × 300 μm) typical of the ring mark region 
containing grooves parallel to sliding, large cavities, and flattened areas. 
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Figure 4-55 Gold-coated and nickel-plated polished cross-section of the radial bore direction from 
the ring mark region ; 1000x. 
 
Figure 4-56 Typical histogram height distribution of the ring mark region showing only one common 
peak. 
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Figure 4-57 (a) 3D optical profilometry image of SOI #3 of the ring mark region; (b) corresponding 
SEM micrograph, 56° tilt; (c) corresponding EDS spectrums of red boxed areas #1 and #2 from (b). 
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Figure 4-58 (a) 3D optical profilometry image of SOI #4 from an intermediate region; (b) 
corresponding 2d profile of line A-A′ in (a); (c) corresponding SEM micrograph from white dashed 
area in (a), 56° tilt; (d) corresponding EDS spectrums of red boxed areas 1 and 2 from (c). 
4.4.5 Worn Front Face 
To further obtain insight as to how the unworn surface transformed to the heavily 
deformed major face the worn front face was analyzed. This region boxed in green 
designated as SOI #5 shown in Figure 4-43 has been analyzed by the same techniques as 
previously examined areas to maintain consistency. The average surface roughness of the 
worn front face is approximately 0.55 μm. A typical 3d surface profile of the worn front 
face is presented in Figure 4-59, which shows silicon particles that are not completely 
fractured as well as a matrix that is not highly deformed in comparison to the major face. 
A histogram height distribution typical of the worn front face shown in Figure 4-60, 
indicates that a significant number of asperities protrude from the common matrix level 
by approximately 0.32 μm. This exposure peak represents the highest asperities which 
can include silicon particles as well as aluminum; this is visually shown in Figure 4-59 
wherein silicon particles are level with the adjacent aluminum; however, both are colored 
in red representative of the highest asperities. Similar observations were obtained with 
optical microscopy and SEM presented in Figure 4-61 and Figure 4-62. The gold-coated 
and nickel-plated cross-section of the radial bore direction from the worn front face 
(Figure 4-61) indicates that Si particles are not protruding from the matrix to the same 
degree as the unworn surface (Figure 4-46). In addition, no large grooves, as previously 
observed in the scuffed region (Figure 4-50), are seen in Figure 4-61 of the worn front 
face. Figure 4-62(a) is a typical SEM micrograph showing a large fractured silicon 
particle which is level with the adjacent matrix containing smaller fragmented particles. 
Figure 4-62(b) is an un-tilted SEM image demonstrating that small silicon 
fragments/particles are pushed into the matrix confirmed by EDS (Figure 4-62(c)). 
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Moreover, larger silicon particles are fractured and signs of flattening of the matrix are 
apparent. In addition, a spherical oil deposit containing Zn, Ca, O, and C has formed and 
is identical to the spherical oil deposits previously reported in the hot tested engines. 
Overall, even after specifically searching the surface for oil deposits virtually no others 
were found. 
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Figure 4-59 A typical 3D optical profilometry image (600 μm × 300 μm) of the worn front face highest asperities are red and cavities/valleys are 
blue. 
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Figure 4-60 Typical histogram height distribution pertaining to the worn front face. 
 
Figure 4-61 Gold-coated and nickel-plated polished cross-section of the radial bore direction from 
the worn front face illustrating Si particles level with the aluminum matrix; 1000x. 
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Figure 4-62 (a) SEM micrograph of the worn front face showing Si particles level with the matrix, 
56° tilt; (b) un-tilted SEM micrograph showing fragmented Si particles embedded into the matrix 
and confirmed by corresponding EDS spectrum in (c). 
  
(c) 
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5 DISCUSSION 
 
5.1 Wear Mechanism (Ni:MR:HT) 
In terms of surface morphology, the normal wear region compared to the unworn 
region is significantly different in the Ni:MR:HT engine.  The macroscopic wear data 
from the normal wear region showing that the bore diameter grew by ~4 μm and the 
metallographic and optical profilometry data presented in this section both show that the 
bore exhibited considerable evolution of the microstructure.  The evolution of the worn 
surface can be summarized by examining the changes in the aluminum matrix and the 
exposed hard phases separately.  The aluminum matrix is very different from the unworn 
region.  There is no evidence of hone marks, and the matrix has an apparently much 
rougher texture.  There is some evidence of abrasive scratches parallel to the ring motion 
direction, but this is not severe.  Another very important feature of the aluminum matrix 
in the normal wear region is the cavities on the surface; these are not restricted to the 
proximity of the hard phases.  These cavities are circular in appearance and are typically 
1 - 10 μm in diameter.  Due to their size and geometry they are interpreted as 
microporosity [140, 197].  The fact that they are visible in the normal wear region, but 
not the unworn surface, is attributed to a polishing, or lapping, mechanism described 
shortly. FIB and SEM results further exemplify the evolution of the bore; wherein, the 
worn surface is a mixture of fine silicon particles, fine aluminum debris, and oil additive 
deposits.  This layer is tightly bound to the surface.  It was not removed by cleaning or 
preparation steps associated with sample preparation, and the FIB/SEM images showed 
that many of the refined particles are in intimate contact with the underlying matrix. 
A mechanism that accounts for the evolution from the unworn to the worn wear 
microstructure is presented in Figure 5-1.  Typical damage as a result of surface 
preparation is illustrated in Figure 5-1(a).  Damage in the form of hone scratches on 
silicon particles establishes an uneven surface, thus creating small silicon peaks that are 
easily subjected to fracture.  These silicon peaks break off into fragments during sliding; 
this acts to reduce their surface roughness when compared to silicon in the unworn 
region.  The crosshatched scratches are not observed on any silicon particles in the 
normal wear region.  Another mechanism that forms silicon fragments originates from 
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fractures present at the edges of silicon in the unworn surface.  These fractures are 
susceptible to removal during running-in, and hence also facilitate the formation of small 
silicon fragments [20].  This is consistent with the macroscopic growth of the bore 
diameter, which is accounted for by 2 μm of wear.  The silicon fragmentation 
mechanisms are shown schematically in Figure 5-1(b).  The sharp silicon fragments 
abrade the softer phases with a polishing action.  Removal of the matrix by silicon 
fragments is the reason that silicon particles continue to stand proud from the matrix and 
even increase in relative height.  Furthermore, this causes softer intermetallic phases, 
such as nickel, to become scratched parallel to the sliding direction.  The aluminum 
matrix would also exhibit similar scratches that end at harder phases, namely silicon 
and/or iron phases. 
The evolution of the aluminum matrix is very prominent and includes other 
characteristics that are more dominant than the surface scratches just discussed, notably 
the presence of exposed spherical gas pores, and a tribofilm.  The gas pores did not 
appear in the unworn surface, as they were covered by smeared aluminum.  During 
sliding, small silicon fragments erode the smeared unworn aluminum with a polishing 
action and thus, exposed the pores.  This has a negative impact on oil consumption, but it 
does help elucidate the polishing mechanism.  Some of the larger sharp silicon fragments 
penetrate, and become embedded, into the soft aluminum-matrix, as is seen in the 
FIB/SEM micrographs.  In addition, extremely fine silicon fragments are mixed into the 
oil deposits and reside in uneven surfaces on the matrix.  These fragments and deposits, 
along with fine aluminum particles form a tribofilm that protects the underlying 
aluminum grains from further abrasion, as illustrated in Figure 5-1(c).  The combined 
action of polishing and deposition of the polishing debris as an irregular tribofilm 
covering the aluminum matrix results in a “new” running surface where silicon particles 
act as the primary contact points, and a stable surface is established. 
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Figure 5-1 Schematic illustrating the mechanism of wear; (a) typical surface damage to Si particles 
as a result of surface preparation; (b) sharp fragments abrade the softer phases mainly aluminum 
and expose a fresh aluminum matrix and polish the Si surfaces; (c) surface equilibrium conditions 
show a matrix that is comprised of fractured particles, aluminum debris, oil deposits, and Si 
particles with rounded edges, smooth surfaces, and standing above the matrix. 
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5.2 Effect of Alloying (Ni:MR:HT vs. Cu:MR:HT)  
The wear mechanisms responsible for obtaining a stable equilibrium surface after 
rigorous dynamometer testing for the Cu:MR:HT engine can be explained in terms of the 
changes observed in the aluminum matrix and exposed hard phases. The mechanism 
responsible for the evolution of the surface is illustrated in Figure 5-2 and is essentially 
identical to that of Ni:MR:HT (Figure 5-1) with the exception that the bulk Si 
microstructure is slightly more refined. Prior to engine testing the contact surface is 
prepared via honing and mechanical stripping. These mechanical procedures expose the 
hard phases from the aluminum matrix but at the same time causing damage to some 
silicon particles. Typical damage as a result of surface preparation is illustrated in Figure 
5-2(a). Small interfacial voids between silicon particles and the aluminum matrix are 
formed at surface making them more susceptible to removal during wear. Although few 
large silicon particles exist throughout the microstructure the ones that do exist typically 
show larger interfacial voids and fracture. 
It is obvious from the surface profilometry scans and SEM micrographs that 
significant microscopic changes took place during the engine test. The microstructural 
evolution begins with the interaction of silicon particles with the piston rings. Here, few 
of the large silicon particles get fractured, release small fragments and begin to micro 
abrade the softer phases illustrated in Figure 5-2(b). More importantly, some of the small 
spherical silicon particles that initially showed signs of interfacial voids after surface 
preparation (Figure 4-13) become detached from the matrix, begin to abrade the softer 
phases, and over time break off into smaller fragments that mix with the oil and 
aluminum debris. Not all small silicon particles are susceptible to removal; some remain 
exposed and attached to the matrix (Figure 4-22) caused by the micro abrasion process of 
the aluminum matrix by silicon fragments. Similar to Ni:MR:HT, removal of the matrix 
by silicon fragments is the reason that silicon particles continue to stand proud from the 
matrix and why only softer phases exhibited deep scratches parallel to sliding.  
As the reciprocating motion of the rings proceeds, silicon particles become 
smoother, crosshatched scratches on the matrix initially caused by bore preparation are 
completely removed, and any fine silicon colonies observed on the as-prepared surface 
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are now indistinguishable due to the mechanical polishing action illustrated in Figure 
5-2(c). More importantly, equilibrium surface conditions become more apparent as 
silicon particles appear to show an increase in relative height from the matrix (i.e. Figure 
4-18, Figure 4-19, Figure 4-20, and Figure 4-22) compared to the unworn surface (i.e. 
Figure 4-11 to Figure 4-13). Large oil deposits can be randomly observed on the surface 
and contribute to the increased surface roughness as they are not detected by the optical 
interference surface profilometer. Small valleys caused by silicon particle removal also 
contribute to the increased roughness; many of which are partially filled with debris and 
oil deposits. The final surface is comprised of exposed silicon particles and extremely 
fine silicon fragments that are mixed with fine aluminum debris and oil residue; these 
features help serve to protect the underlying aluminum grains from further abrasion. The 
combined action of polishing and deposition of the polishing debris as an irregular 
tribolayer covering the aluminum matrix results in a “new” running surface where silicon 
particles act as the primary contact points, and a stable surface is established.  
Overall, the varied nickel and copper alloying elements between the Ni:MR:HT 
and Cu:MR:HT engines did not lead to any significant differences in cylinder wear or 
engine performance. Regardless of initial composition, both engines evolved to the same 
final surface microstructure, which consisted of exposed silicon particles, oil deposits, 
and a tribolayer that protected the underlying aluminum from further abrasion. 
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Figure 5-2 Schematic illustrating the mechanism of wear; (a) typical surface damage to Si particles 
as a result of surface preparation; (b) sharp fragments abrade the softer phases mainly aluminum 
and expose a fresh aluminum matrix and polish the Si surfaces; (c) surface equilibrium conditions 
show a matrix that is comprised of fractured particles, aluminum debris, oil deposits, and Si 
particles with rounded edges, smooth surfaces, and standing above the matrix. 
5.3 Effect of Surface Preparation 
5.3.1 Ni:CE:HT Wear Progression 
The wear mechanisms responsible for obtaining a stable equilibrium surface for 
the Ni:CE:HT engine after rigorous dynamometer testing can be explained in terms of 
the changes observed in the aluminum matrix and exposed hard phases separately; but 
first, an examination from macroscopic bore measurements will set the perspective as to 
how much wear actually occurred. Macroscopic wear results obtained by measuring the 
change in bore diameter at key locations (see. §4.3.1.), has indicated that the average 
change in bore diameter for all the cylinders is 5.24 μm taken at the TRR and 5.56 μm at 
BRR (see. Table 4-V). Considering the lengthy and severe engine test conditions and the 
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fact that the engine was not previously broken-in, this minor change in diameter is quite 
remarkable and indicates that the surface must have reached a stable condition which 
confines wear to low levels. 
Before wear even proceeds, the honing stage creates scratches on top of silicon 
particles and establishes an uneven surface (Figure 4-30). These silicon particles tend to 
fracture at their edges; and upon chemical etching some of these fractured particles are 
released from the surface. In addition, spherical silicon particles were observed to resist 
fracture to a greater degree than high aspect ratio particles. This was demonstrated 
previously in Figure 4-28 where a rectangular silicon particle was fractured completely 
through, while the spherical one stayed intact.  In addition to exposing silicon, chemical 
etching also removed any traces of smeared aluminum on top of silicon particles. Here, 
the fine grained aluminum layer (Figure 4-28) formed during honing is completely 
removed, leaving only large aluminum grains and some ultra-fine grains beneath the 
silicon particles. By the end of chemical etching silicon particles are exposed (Rf ~1.09 
μm), establishing a rough surface that easily retains oil between the protruding particles. 
As a result, during the early stages of break-in the piston rings will be in contact 
primarily with the exposed particles. As mentioned by Ludema et al. [119] and Wang et 
al. [104], during break-in oil film pressures will increase as asperity heights decrease. 
Therefore, at the beginning of engine break-in exposed silicon particles act as the 
asperities which will support most of the load while the lubricant residing in valleys 
between the particles will contribute to a lesser degree.  
It is obvious from the surface profilometry scans and SEM micrographs 
previously presented that significant microscopic changes took place as a result of engine 
testing. The microstructural evolution begins with the interaction of exposed particles 
with the piston rings. Here, the peaks of uneven silicon particles break off into fragments 
during sliding and at the same time, some of the larger fragments become embedded into 
the matrix. In addition, some of the small spherical silicon particles that were only 
slightly bonded to the aluminum matrix (Figure 4-32) become detached, possibly 
forming micro-voids, and over time break off into smaller fragments that mix with the oil 
residing on the surface. This process is physical in nature, thus suggesting that the Si-XII 
Raman bands observed from worn Si particles (Figure 4-38) are caused by the 
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fragmentation process. Here, Si particles may transform from the Si-I diamond structure 
to the S-XII amorphous rhombohedral polymorph. However, the Si-XII Raman band is 
quite small and the S-I band is still very dominant, even after wear, suggesting that Si 
transformation is minimal. Another possibility explaining the lack of Si transformation 
detected could be due to the fact that Si surfaces are acting as the primary contact points 
with the rings and thus any transformed Si-XII, which would most likely occur at these 
contact points the near surface, is worn away over time exposing Si-I beneath. This is in 
agreement with laboratory tests [193] whereby Si transformation was found to occur 
mainly during the beginning of sliding and decreased as sliding duration increased. 
However, in an actual engine test it is difficult to precisely identify the cause of the slight 
transformation in Si with 100% confidence. 
As the reciprocating motion of the rings proceeds silicon particles become 
smoother (Figure 4-36) and decrease in exposure height until equilibrium is attained at 
approximately Rf ≈ 0.6 to 0.7 μm. Therefore as Rf decreases, the depth of valleys/gaps 
between silicon particles decreases proportionally and thus, pressures exerted on the 
lubricant begin to increase. Eventually, oil deposits begin to form as a result of the 
extreme temperatures and pressures of the engine [31]. Here, extremely fine silicon 
fragments (Figure 4-41(f)) and aluminum debris (Figure 4-41(e)) become mixed into the 
oil and reside in uneven surfaces on the matrix as well as between decoheared particles 
(Figure 4-40). These oil deposits vary in size and can be easily overlooked; many of 
which are only observable with high magnification cross-sectional analysis. The fact that 
oil deposits can form and fill large voids as deep as 2 μm (refer to Figure 4-35 and Figure 
4-42) suggests that these deposits could be just as crucial as silicon exposure in 
protecting and maintaining a wear resistant surface. Filling in voids may prevent the 
voids from increasing in size while at the same time serving as oil replenishment 
pathways [170] during over-stressed operating conditions.  
A stable silicon exposure height will not only depend on the formation of oil 
deposits which could act as replenishment pathways and/or a sacrificial material under 
extreme pressures but, also on how the surrounding matrix interacts with the harder 
phases. By comparing the subsurface grain structures of the aluminum matrix before 
(Figure 4-28) and after wear (Figure 4-41 and Figure 4-42), profound differences in the 
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microstructure are revealed. The 0.8 μm layer of fine grains shown in Figure 4-28 is 
dissolved during chemical etching leaving only large unaltered grains. In contrast, the 
worn subsurface (Figure 4-41 and Figure 4-42) is abundant with UFGs and sub-grains 
even at depths extending ~ 3 μm. Much like the unworn subsurface (Figure 4-28) UFGs 
surround silicon particles but are now more abundant and coexist with compacted and 
deformed aluminum (Figure 4-41). These observations suggest that silicon particles are 
in fact supporting loads beyond the capacity of the aluminum matrix; and thus, in order 
for the underlying aluminum matrix to support these load bearing particles deformation 
structures begin to form beneath and around them.  
After in-depth surface and subsurface analysis of the worn and unworn regions 
the general wear mechanism of the cylinder was found to be the end product of three sub-
mechanisms based on silicon exposure, oil deposits, and subsurface deformation. During 
the early stages of the engine test the first wear mechanism emerges at asperities (i.e. 
exposed silicon particles) with the probability of high contact with the counterface. Over 
time the exposed silicon particles become smooth and eventually reach an equilibrium 
exposure height. This final exposure height will be dependent upon the other two sub-
mechanisms. Oil deposit formation will help create lubrication pathways during 
overstressed conditions, while at the same time filling-in voids which were no longer 
protected by exposed silicon particles. On the other hand, the formation of subsurface 
deformation structures beneath silicon particles will allow the aluminum-matrix to 
support the silicon particles during peak loading conditions and thus preventing the 
particles from sinking-in past the equilibrium exposure level. Therefore, the general wear 
mechanism which encompasses silicon exposure, oil deposit formation, and subsurface 
deformation is a form of ultra-mild wear in linerless Al-Si engines and will ultimately 
control the wear response of the cylinder under overstressed conditions.  
5.3.2 Ni:MR:HT vs. Ni:CE:HT 
Overall, both the Ni:MR:HT and Ni:CE:HT engines evolved to the same final 
surface conditions both exhibiting no evidence of excessive wear such as scuffing, gross 
material transfer, delamination, or pitting after engine testing. Microscopically, both 
worn surfaces appeared to be the same and supported by qualitative comparisons 
between Figure 5-3 and Figure 4-6. Here, it is observed that both engine bores contain 
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microgrooves parallel to sliding and a surface containing oil deposits and fractured Si 
particles. To the naked eye, the worn Ni:MR:HT bore showed faint signs of ring marks, 
while the Ni:CE:HT bore did not. The presence of ring marks is partially explained by 
the fact that the mechanically prepared surface has some smeared aluminum. Smeared 
aluminum may prevent Si fragments during the initial stages of break-in to be easily 
removed from in between the ring and liner if trapped. Here, a Si particle is more 
susceptible to temporarily adhere to the ring and travel back and forth across the liner 
forming grooves (ring marks) until its release. Smeared aluminum will likely increase 
adhesive forces between the ring and liner; therefore without it Si particles are more 
likely to remain on the liner. In addition, the chemically etched surface with a higher 
initial Rf and Ra will be more likely to trap Si fragments and retain oil during the initial 
stages of engine break-in. Although ring marks were found on the MR worn surface they 
are not detrimental to operation of the engine, there is no loss of power or torque, and 
there was no degradation of oil consumption or blow-by when ring marks are observed.  
Ideally, no change in surface roughness between the worn and unworn surfaces of 
both the Ni:MR:HT and Ni:CE:HT bores would be favorable; suggesting almost no 
break-in. In reality this is virtually impossible, because engine break-in will always take 
place due to unavoidable geometrical tolerances between the ring pack and liner. The 
worn average roughness of Ni:MR:HT (Ra ≈ 0.406 μm) was virtually identical to 
Ni:CE:HT. However, The change in Ra of the Ni:MR:HT bore was approximately 3.4 
times greater than its unworn surface; suggesting a more significant break-in compared to 
the Ni:CE:HT bore.  
Comparisons of histogram height distributions between the Ni:MR:HT (Figure 
4-4) and Ni:CE:HT (Figure 4-34) bores quantitatively support similarities of the worn 
surface. Both bores show a height distribution with three distinctive peaks. Results from 
the Ni:CE:HT bore suggest a silicon exposure height of ~0.7 μm from the nominal matrix 
peak indicating a decrease in Rf of ~0.3 μm from the as-prepared surface. For the 
Ni:MR:HT bore, which had an initial silicon exposure below the optimal Rf value of ≥ 
0.6 μm [28], the opposite scenario took place in that the worn surface exhibited an 
increase in silicon exposure, which produced a final Rf of approximately 0.6 μm. This 
suggests that silicon exposure can vary to a certain extent without compromising the 
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development of a wear resistant surface. Once again, note that the Si exposure of the 
etched bore was reduced by running the engine and that the non-etched bore increased, 
and that the equilibrium surfaces were virtually identical.  
Lastly, the equilibrium surfaces of both Ni:CE:HT and Ni:MR:HT contain 
exposed silicon particles that are polished with rounded edges and a matrix covered by an 
irregular tribolayer comprised of a mixture of very fine silicon debris, aluminum debris, 
and oil deposits.  It is this equilibrium surface, with the tribolayer, that is responsible for 
the low observed wear. 
 
Figure 5-3 SEM micrograph from Ni:CE:HT illustrating grooves parallel to sliding on soft second 
phases in contrast to harder silicon particles that appear to be smooth with little damage; (60° tilt). 
5.4 Effect of Temperature 
5.4.1 Cold vs. Hot Engine Comparison 
By comparing the cold scuffed (Ni:CE:CS) engine to an identical engine 
(Ni:CE:HT) subjected to hot scuff and durability testing the influence of temperature and 
time with respect to engine wear can be addressed. In depth microstructural and chemical 
investigations of Ni:CE:HT have been previously reported in §5.3.1 and results have 
shown that no signs of excessive wear took place and that the overall wear resistance was 
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derived from the combined effects of oil deposits, silicon exposure, and the formation of 
reduced grain structures in the aluminum-matrix. Key differences between the Ni:CE:CS 
and Ni:CE:HT engines is summarized in Table 5-I below. A comparison between hot 
engine testing and cold engine testing has been previously presented in §3.2 but tabulated 
here for ease of comparison.  
Table 5-I Summary and comparison of engine parameters before and after wear between the 
Ni:CE:CS and Ni:CE:HT major faces. 
 Ni:CE:CS  Ni:CE:HT 
Scuff test  ~ 3 hr  ~ 3 hr  
Oil cons. test  0 hr  ~ 10 hr  
Durability test  0 hr  ~ 247 hr  
Max oil temp.  65 °C  150 °C 
Surface prep.  MR & CE  MR & CE  
Initial Si exposure (R
f 
) 1.23 μm 1.09 μm 
Surface roughness (R
a
) 0.76 μm 0.33 μm 
-------------------------------------    After Wear    ------------------------------------- 
Visual appearance  Lustrous metallic  Grey matted  
Final Si exposure (R
f 
) 0 μm ~0.6 to 0.7 μm  
Observable oil deposits  No  Yes  
Scuff marks  Yes  No  
Observable Si microstructure  No  Yes  
Although Ni:CE:HT was subjected to longer test durations the wear and 
appearance of the entire bore showed no signs of scuffing with slight signs of ring marks 
only at the TDC and BDC of the cylinder. In addition, wear and appearance of all four 
faces of the cylinder were identical. More importantly, silicon exposure and 
microstructure was maintained throughout testing while the aluminum-matrix was 
protected by a discontinuous tribolayer. A typical SEM micrograph taken from the major 
face of Ni:CE:HT is presented in Figure 5-3 for comparison to Figure 4-53. The most 
significant difference between Figure 5-3 and Figure 4-53 is the loss of microstructure in 
the Ni:CE:CS engine and the highly deformed/flattened aluminum-matrix. Evidence of 
spalling and large grooves parallel to sliding is readily apparent on the Ni:CE:CS matrix; 
however, Ni:CE:HT shows no signs of matrix flattening and spalling, only fine micro-
grooves within the tribolayer are formed. Furthermore, in Ni:CE:HT large silicon 
particles are intact and exposed. However, small spherical silicon particles are not easily 
observed as they blend in with the surrounding features.  
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X-ray photoelectron spectroscopy results comparing the two engines are 
summarized in Table 5-II. XPS results from Ni:CE:HT has been previously presented in 
§4.3.3 but presented here again for ease of comparison. Before argon ion etching the 
chemical composition of the surface does not differ significantly. However, after 
removing any contaminants from the surface via etching significant differences between 
the two engines can be observed. Both the major and font faces of the Ni:CE:CS engine 
show a significant increase in Al and O, with a slight increase in Si compared to 
Ni:CE:HT. This increase in Al and O is in agreement with the smeared/deformed 
aluminum observed on the Ni:CE:CS bore presented in §4.4. Conversely, Ni:CE:HT 
shows a significant increase in C, Ca, and Na most likely a result of the combustion 
products and the abundance of oil deposits. Comparison between the Ni:CE:CS major 
and front faces also reveals that the major face contains no traces of Zn and S, which are 
common elements found in oil deposits. This is in agreement with the microstructural 
observations in §4.4, wherein no oil deposits were found on the major face and close to 
none were observed on the front face. 
In summary, the vital difference between the Ni:CE:CS and Ni:CE:HT worn 
surfaces is the abundance of oil deposits which have formed on the surface of Ni:CE:HT 
due to the high operating temperatures which promote chemical interactions to occur 
between the surface and oil additives. Here, the aluminum-matrix protected by a 
discontinuous tribolayer could alleviate some load off from silicon particles without 
smearing/deforming, thus, helping to maintain silicon exposure. On the contrary, the 
Ni:CE:CS surface could not sustain the formation of oil deposits; and thus, aluminum-
rich areas were left unprotected which resulted in deformation to the matrix. New 
lubricants specifically designed for aluminum surfaces capable of producing oil deposits 
at low and high temperatures would be a best case solution to increase wear resistance, 
but extremely difficult. More plausible alternatives would be to consider piston ring 
coatings which can prevent direct metal-to-metal contact, maintaining low adhesive 
forces even under starved lubrication conditions. 
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Table 5-II XPS semi-quantitative elemental composition of Ni:CE:HT and Ni:CE:CS worn surfaces, 
atomic %, except H 
 C O Al Si Ca N  Zn  S  P  Na  Other 
Surface:  
Ni:CE:HT major  50 33 5 5 1.7 3 0.1 0.7 0.3 1.1 Cl,Mg,F  
Ni:CE:CS major  53  31  5  4  0.3 4  0.3  0.5  0.2  0.9  Cl,F,Cu,Fe,K  
Ni:CE:CS front  55  32  5  2.6 0.2 2.7 0.6  0.4  ----- 0.3  Cl  
~ 10 nm etch:  
Ni:CE:HT major  46 33 6 6 1.9 2.8 0.1 0.6 0.7 2.2 Cl, Mg 
Ni:CE:CS major  12  51  21 10 0.6 1.8 ----- ----- 0.7  0.8  Cu,Cl,Mg,K,F,Fe 
Ni:CE:CS front  20  44  19 9  0.6 2.1 0.4  0.4  ----- 0.7  Cu,Ni,Cl,Mg  
 
5.4.2 Cold Scuff Wear Progression 
From the results obtained in §4.4, suggestions as to how wear progressed in the 
cold scuffed engine can be made. Before wear even transpires, the as-prepared surface 
was shown to contain some surface flaws even though silicon particles were left 
protruding from the matrix. A significant number of silicon particles were fractured 
(Figure 4-48) and also displayed signs of over-etching, whereby a high dissolution of the 
matrix was observed around the perimeters of silicon particles (Figure 4-47). These voids 
produced around silicon particles leaves them more susceptible to root fracture without 
increasing Rf. Both the Ni:CE:CS and Ni:CE:HT cylinder bore surfaces were prepared by 
the same techniques. Engine Ni:CE:HT did display signs of particle fracture and etch 
pits, but not to the same extent as the :Ni:CE:CS surface. The large difference in Ra and 
Rf (see. Table 5-I) between the two engines does suggest that the Ni:CE:CS surface was 
possibly over-etched, which could have compromised the scuffing resistance during the 
early stages of break-in.   
It is obvious from the surface profilometry scans and SEM micrographs 
previously presented that significant microscopic changes took place as a result of engine 
testing. The microstructural changes begin with the interaction of the highest asperities 
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with the piston rings. Observations from the worn front face, which is not scuffed, 
suggests that the early stages of wear proceeds first by the sinking-in and fracturing of 
exposed silicon particles (Figure 4-62(a)); similar observations were reported in 
laboratory tests by Chen et al. [23, 143]. Here, large silicon particles begin to fracture 
while smaller spherical particles and fragments become embedded into the matrix 
(Figure 4-62(c)). In this stage, silicon exposure is decreasing and the highest asperities, 
which now include some aluminum rich areas, come in contact with the counterface. 
Overall the original microstructure is intact with the exception of sunk-in fractured 
particles and flattened asperities.  
As loads are increased, as in the major face, wear progresses to the next step 
which is more severe and delineated by two distinct regions pertaining to ring marks and 
scuff marks. Overall, the wear and appearance of the ring mark region is less severe than 
the scuff mark region. Both areas do not show any signs of the original microstructure. In 
the ring mark region, wear continues by completely fracturing all large silicon particles 
leaving only smaller fragments and cavities (Figure 4-57). Here, the bore surface 
continues to flatten but not completely due to silicon fragments which need to be further 
worked into the matrix. As asperities become flattened the ability of oil retention 
decreases and adhesion forces between the counterface and cylinder increase. With this 
in mind, the clearance between the piston rings and cylinder is also decreasing, thus, 
allowing for some of the sharp silicon fragments to become trapped between the two 
surfaces creating grooves parallel to sliding (Figure 4-57).  
As asperities continue to flatten, adhesion and material transfer between the sliding 
surfaces increases to a point where scuffing can thrive; suggesting that the ring mark 
region could be a precursor to scuffing. By comparing the ring mark region (Figure 4-57) 
to the scuff mark region (Figure 4-53) it is obvious that the dominant wear mechanisms 
in each area are different. The fact that the scuffed surface is completely flattened with 
deformed aluminum covering fragmented silicon particles suggests that adhesive forces 
are high. Here, wear progresses by deformation of the aluminum which leads to spalling 
and most likely material transfer to the counterface (Figure 4-53). The transfer of highly 
deformed material to the piston rings could produce large hard asperities which scrape 
against the cylinder accounting for the large grooves observed in Figure 4-53. A 
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combination of this mechanism and spalling within the groove is also a viable alternative 
for large groove formation. 
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6 SUMMARY AND CONCLUSIONS 
 
Wear Mechanism (Hot Testing) 
After rigorous hot dynamometer testing, linerless Al-Si engines were shown to 
exhibit no evidence of excessive wear. Using an array of surface and subsurface 
techniques, comparisons of the engine cylinders before and after wear has yielded the 
following conclusions: 
1)  The evolution of the bore microstructure is explained in terms of fragmentation of 
silicon particles and subsequent “polishing” of the entire worn surface caused by 
sliding contact with the rings. 
2)  The overall wear resistance of linerless eutectic Al-Si engine bores is derived 
from the combined effects of oil deposits, silicon exposure, and the formation of 
reduced grain structures in the aluminum-matrix. 
3)  After engine break-in an equilibrium silicon exposure height of ~ 0.4 to 0.6 μm 
was established. Small silicon colonies were not distinguishable on the worn 
surface; in contrast, larger needle-like particles were intact with surfaces smooth 
and free from damage. The preservation of silicon exposure minimizes direct 
metal-to-metal contact between the piston rings and aluminum-matrix while at the 
same time maintaining a surface roughness that can retain the lubricant. 
4)  Oil deposits have formed during engine testing and were abundant on the worn 
surface. Oil deposits were shown to exist in various textures and sizes. These 
amorphous structures were found to consist primarily of P, S, Zn, Ca, C, and O; 
as well as nano-sized aluminum and silicon debris. 
5)  Wear induced ultra-fine grains and sub-grains were formed in the aluminum-
matrix. Plastically deformed regions of aluminum residing beneath silicon 
particles suggest that the silicon particles do support a significant portion of the 
load and that the aluminum-matrix deforms to accommodate these pressures. The 
 196 
 
same degree of deformation was not observed underneath oil deposits or at 
silicon free regions of the matrix. 
Effect of Alloying 
Two similar hot tested linerless Al-Si engines with variations in chemical 
composition (i.e. nickel and copper) have been examined in detail with respect to the 
effect of alloying on cylinder bore wear progression. Conclusions derived from this effort 
are presented below: 
1)  Both engines contained a mixed microstructure containing silicon needles and 
fine spherical silicon particles. Overall, the copper alloyed engine contained a 
finer silicon microstructure likely caused by the differences in chemical 
composition. 
2)  Overall, the variation in chemical composition did not lead to any significant 
differences in cylinder wear or engine performance. Both engines evolved to the 
same final surface microstructure, which consisted of exposed silicon particles, 
oil deposits, and a tribolayer that protected the underlying aluminum from further 
abrasion. 
3)  Both engines exhibited identical wear mechanisms and can be explained in terms 
of fragmented silicon particles that “polish” the entire worn surface, which help 
form an irregular tribolayer, and maintain silicon exposure. 
Effect of Surface Preparation 
To study the effect of cylinder bore surface preparation a two cylinder bores, one 
mechanically reduced and the other chemically etched, originating from the same tested 
engine block were analyzed with respect to cylinder bore microstructural evolution. 
Conclusions comparing these engines are presented here: 
1)  Both the chemically etched and mechanically reduced engine bores have shown 
no evidence of excessive wear such as scuffing, gross material transfer, 
delamination, or pitting after engine testing. 
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2)  To the naked eye, the worn mechanically reduced bore showed faint signs of ring 
marks, while the chemically etched bore did not. Microscopically, both worn 
surfaces appeared to be the same.  The presence of ring marks is partially 
explained by the fact that the mechanically prepared surface has some smeared 
aluminum, which causes ring marks during break-in, these marks persist 
(although diminished in severity) even in the equilibrium surface; etching 
removes all smeared aluminum.  The ring marks are not detrimental to operation 
of the engine, there is no loss of power or torque, and there was no degradation of 
oil consumption or blow-by when ring marks are observed. 
3)  The initial chemically etched silicon exposure of 1.1 μm was reduced to 0.7 μm 
after 260 hrs of rigorous testing resulting in a stable surface virtually identical to 
a non-etched bore with initial silicon exposure of 0.2 μm and final exposure of 
~0.6 μm. This suggests that silicon exposure can vary to a certain extent without 
compromising the development of a wear resistant surface. Once again, note that 
the silicon exposure of the etched bore was reduced by running the engine and 
that the non-etched bore increased, and that the equilibrium surfaces were 
virtually identical.  
4)  The equilibrium surfaces of both the chemically etched and mechanically reduced 
engine bores contain exposed silicon particles that are polished with rounded 
edges and a matrix covered by an irregular tribolayer comprised of a mixture of 
very fine silicon debris, aluminum debris, and oil deposits.  It is this equilibrium 
surface, with the tribolayer, that is responsible for the low observed wear. 
Cold Scuff Wear Progression and the Effect of Temperature 
Microstructural characterization of a linerless Al-Si engine subjected to cold scuff 
dynamometer engine testing has been performed and compared to a similar engine 
subjected to hot scuff and durability testing. The main conclusions are as follows: 
1)  In comparison to the hot run engine, the lack of wear resistance exhibited in the 
cold scuffed engine was ultimately a consequence of the low operating 
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temperatures which prevented the formation of protective oil deposits on the 
cylinder surface. 
2)  The unworn cold scuff surface contains silicon particles that were fractured and 
exposed from the matrix. A possibility of over-etching has occurred, leaving large 
voids around silicon particles making them more susceptible to root fracture, 
without increasing silicon exposure from the aluminum-matrix. However, 
compared to the large temperature difference between the two engines the slight 
difference between the unworn surfaces is negligible. 
3)  Wear progressed in the cold scuff engine by the following sequence: i) silicon 
particles begin to fracture and sink-in, becoming level with the matrix; ii) high 
aluminum asperities begin to flatten/deform from contact with the counterface; 
iii) all large silicon particles on the surface completely fracture leaving only small 
fragments and cavities; iv) grooves form parallel to sliding; v) deformed 
aluminum completely covers silicon fragments leaving a flat surface; and vi) 
increased adhesion initiates scuffing which involves spalling, possible material 
transfer, and the formation of large grooves parallel to sliding. 
Summary 
The work presented in this thesis has shown that near-eutectic linerless Al-Si 
engines do not yet have the complete capability of replacing cast-iron cylinder liners in 
production vehicles. However, the product of this research has provided insight into the 
wear mechanisms of linerless eutectic Al-Si engines. Moreover, a design criterion 
specifically for linerless eutectic Al-Si engines has been developed, which states that low 
cylinder wear rates can be maintained by the combined effects of oil deposits, silicon 
exposure, and the formation of reduced grain structures in the aluminum-matrix. 
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Suggestions for Future Research 
The current research suggests that the most advantageous linerless Al-Si cylinder 
design criteria involves one in which the long term wear resistance is derived from the 
combined results of oil deposits, silicon exposure, and the formation of reduced grain 
structures in the aluminum-matrix. However, due to the complicated tribosystem of a 
combustion chamber complete understanding of this system is far from absolute. 
Realization of the production of affordable robust linerless Al-Si engines can be achieved 
by future research in the following areas: 
1)  In depth microstructural and chemical examination of the counterface; this 
includes the entire piston along with the ring pack. These results would coincide 
with the current research and provide more complete insight into the mechanisms 
of Al-Si cylinder wear. 
2)  Determine the critical/lowest temperature, if any, at which a stable equilibrium 
surface can be attained. This can be accomplished by numerous separate 
dynamometer tests each set at different operating temperature ranges. 
3)  Evaluate the performance of a fully developed equilibrium surface by subjecting 
it to cold scuff dynamometer testing. If the engine survives the testing procedure 
it will be certain that the development of an equilibrium surface is crucial for long 
term wear resistance in linerless Al-Si engines. 
4)  Determine the optimal silicon exposure specifically for near-eutectic Al-Si 
engines that produces the least amount of wear and micro-abrasion. This can be 
accomplished by testing a single engine containing different silicon exposures in 
each cylinder.  
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